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Re´sume´
Cette e´tude porte sur l’inte´gration de l’aluminium et de mate´riaux composites de type
Polyme`re Renforce´ de Fibre de Verre (PRFV) dans les ponts transportables ferroviaires.
Ces mate´riaux ont un inte´reˆt particulier en raison de leur re´sistance aux conditions envi-
ronnementales rudes et leur le´ge`rete´. Cependant, la combinaison de ces mate´riaux le´gers
avec les mate´riaux traditionnels dont l’acier est peu fre´quente dans les structures de ge´nie
civil. De plus les re´fe´rences de conception fournissent tre`s peu d’informations pour le di-
mensionnement de ce type d’assemblage. Il existe ne´anmoins des re´fe´rences de conception
des assemblages simplement en aluminium ou simplement en PRFV. Cependant, en com-
paraison avec l’acier, les recommandations propose´es pour l’aluminium et les PRFV sont
base´es sur un nombre restreint d’essais et le dimensionnement optimal d’un assemblage
boulonne´ entre des pie`ces d’acier et d’aluminium ou de PRFV peut s’ave´rer difficile. Aussi,
l’objectif principal de la the`se est d’identifier les parame`tres ge´ome´triques optimum des as-
semblages boulonne´s aluminium-acier et PRFV-acier et d’effectuer une analyse critique des
recommandations de conception existantes et si ne´cessaire les ame´liorer et enfin, d’e´valuer
la contribution de la colle dans les assemblages boulonne´s/colle´s. Sur la base de l’e´tat des
connaissances disponibles, des e´tudes expe´rimentales et/ou nume´riques des assemblages
boulonne´s, colle´s, et boulonne´s/colle´s des plaques aluminium-acier et PRFV-acier ont e´te´
mene´es.
Pour les assemblages boulonne´s, des configurations a` un boulon et deux boulons ont e´te´ ex-
pe´rimentalement et analytiquement analyse´es. Les re´sultats obtenus ont permis d’e´valuer
l’effet des parame`tres ge´ome´triques tels que l’e´paisseur des plaques, les pinces longitudinale
et transversale, et les pas longitudinal et transversal sur la re´sistance de l’assemblage. Par
la suite, les parame`tres ge´ome´triques optimums des assemblages boulonne´s en PRFV-acier
et aluminium-acier ont e´te´ identifie´s et l’analyse critique des e´quations de dimensionne-
ment des assemblages en aluminium et en PRFV recommande´s dans les re´fe´rences de
conception a e´te´ effectue´e. Dans le cas des assemblages aluminium-acier, une ame´liora-
tion des e´quations de re´sistance a` la pression diame´trale et de re´sistance en traction et
cisaillement combine´s ont e´te´ propose´es. Pour les assemblages en PRFV-acier, une e´tude
semi-empirique a permis de proposer une e´quation de re´sistance en section nette adapte´e
aux PRFV pultrude´s.
Pour les assemblages colle´s et boulonne´s/colle´s, seules les configurations a` un boulon ont
e´te´ teste´es. Des adhe´sifs me´thacrylate et e´poxyde ont e´te´ utilise´s et l’effet de ces derniers sur
les assemblages multi-mate´riaux a e´te´ e´value´. Il est apparu que le type d’adhe´sif a un effet
important tant sur la re´sistance de l’assemblage que sur son mode de rupture. En outre la
rigidite´ des plaques a un grand impact dans la capacite´ portante de l’assemblage colle´. La
contribution de la colle dans un assemblage boulonne´ a e´te´ trouve´e avantageuse seulement
dans le cas de l’assemblage PRFV-acier. Dans le cas de l’assemblages aluminium-acier, pas
d’accroissement significatif n’a e´te´ observe´.
Mots-cle´ : Assemblages multi-mate´riaux, assemblages boulonne´s, assemblages boulon-
ne´s/colle´s, aluminium, PRFV, simple plan de cisaillement, e´le´ments finis.
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Chapitre 1
Introduction
De nos jours, il existe plus que jamais un fort besoin de re´paration, de restauration et
de reconstruction des infrastructures, dont les ponts ferroviaires. De tels travaux de re-
construction occasionnent de nombreux inconvenients au public et des pertes financie`res
dues a` l’interruption des services. La mise en place d’un syste`me de ponts transportables
a` e´le´ments modulaires est une alternative e´tudie´e afin de limiter ces geˆnes. Bai et Burkett
(2006) ont e´value´ les processus et les techniques de remplacement rapide de ponts routiers.
Parmi les techniques e´value´es par ces derniers, deux de´marquent ce projet des ouvrages
existants : (1) l’utilisation d’e´le´ments modulaires et (2) l’utilisation de mate´riaux innovants
dont l’aluminium et les Polyme`res Renforce´s de Fibre de Verre (PRFV).
1. Utilisation des e´le´ments modulaires et techniques nouvelles
Cette e´tude s’inscrit dans le cadre de la conception de ponts ferroviaires transpor-
tables. Une e´tude pre´liminaire de conception de ponts essentiellement en acier a de´ja`
e´te´ re´alise´e (Tre´panier et Le´geron, 2008). Les solutions propose´es pour des ouvrages
entie`rement en acier sont des modules a` tablier ouvert pouvant eˆtre transporte´s et
e´rige´s dans un intervalle de temps compris entre 24 et 48 heures. De tels ponts auront
une dure´e de service limite´e correspondant au temps ne´cessaire a` la conception et
a` la construction d’un ouvrage permanent. Une fois le pont permanent construit, le
pont transportable sera de´monte´ et entrepose´ pour des besoins ulte´rieurs.
Plusieurs types de ponts ont e´te´ e´tudie´s par Tre´panier et Le´geron (2008). Les trois
types de ponts pre´sente´s aux figures 1.1, 1.2, 1.3 seraient des ponts a` poutres assem-
ble´es (figure 1.1), a` tablier infe´rieur (figure 1.2) et a` treillis (figure 1.3). Ces ponts
sont assemble´s a` partir d’e´le´ments modulaires de longueurs variant entre 1 et 5 m et
permettraient de combler des besoins spe´cifiques sur une base temporaire. La pro-
fondeur des modules adopte´e est adapte´e a` la porte´e de l’ouvrage. Ainsi, selon qu’il
s’agisse d’un pont de courte porte´e (moins de 10 m), moyenne porte´e (10 a` 19 m) ou
grande porte´e (19 m et plus), la profondeur des poutres ou membrures principales
varierait de 0.9 a` 3 m.
2. Utilisation de mate´riaux innovants (aluminium et PRFV)
Cette the`se est particulie`rement motive´e par l’utilisation potentielle des mate´riaux
innovants pour certains cas pre´cis de structures de ponts ferroviaires temporaires
en aluminium et en PRFV. Mais avant de se lancer dans une telle analyse, des
1
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recherches sur l’utilisation de l’aluminium et des PRFV dans les ponts a` travers
le monde ont e´te´ re´alise´es (Tajeuna, 2008, 2009). De cette investigation, il ressort
que l’utilisation de l’aluminium dans les ponts routiers est surtout concentre´e sur
le remplacement de tablier afin de re´duire la charge morte. Peu d’applications de
ponts routiers entie`rement en aluminium ont e´te´ trouve´es. L’aluminium est utilise´
avec grand succe`s pour les ponts pie´tonniers. Il existe quelques ponts ferroviaires
en aluminium a` usage permanent dont certains sont associe´s au pont routier. Les
trave´es des ponts en aluminium vont jusqu’au voisinage de 100 m de porte´e. Les
alliages commune´ment utilise´s sont des alliages de se´ries 5XXX et 6XXX. L’alliage
6063 est favorablement utilise´ pour les formes extrude´es (Subodh et Kaufman, 2007).
En ce qui concerne les PRFV, ils sont de plus en plus utilise´s dans la construction
des ponts. Ceci est principalement duˆ a` leur haute re´sistance, leur le´ge`rete´ et leur
capacite´ a` re´sister aux effets environnementaux se´ve`res et des sels de de´gel. Les PRFV
sont majoritairement utilise´s dans la construction des tabliers des ponts routiers,
des ponts pie´tonniers. Quelques manufacturiers se sont lance´s dans la fabrication
des poutres principales en PRF. Leur emploi est cependant limite´ a` des petites et
moyennes porte´es en raison de leur forte de´formation en flexion. Il va sans dire comme
tout mate´riau que les PRFV et l’aluminium pre´sentent des inconve´nients qui jusqu’a`
pre´sent retardent, voire limitent leur expansion dans le domaine du ge´nie civil. On
peut citer : le couˆt de base de l’aluminium et des PRFV bien plus e´leve´ que l’acier, la
complexite´ structurale des PRFV qui est tre`s de´pendante du proce´de´ de fabrication
et la non-maˆıtrise de techniques d’assemblage efficientes.
Au vu du succe`s que connaissent les mate´riaux composites et l’aluminium dans la construc-
tion des ponts, il ne serait pas hasardeux de pre´tendre a` leur succe`s dans la construction
des ponts ferroviaires transportables en particulier en tant qu’e´le´ments secondaires (poutre
transversale, poutrelle, cadre de treillis, diaphragme, membrures de liaison). Cependant,
un aspect important de leur inte´gration dans de telles structures serait la conception op-
timale des assemblages multi-mate´riaux aluminium-acier ou PRFV-acier qui permettrait
de transmettre efficacement les efforts tout en minimisant les dommages. Aussi, un aspect
important est l’identification des configurations optimales des assemblages boulonne´s ou
boulonne´s/colle´s et les e´quations de conception adapte´es a` ce type d’assemblage.
On trouve dans la litte´rature des recherches consacre´es a` l’e´tude des assemblages boulonne´s
ou boulonne´s/colle´s en aluminium ou en PRFV. Bien que ces recherches portent sur l’e´tude
des parame`tres ge´ome´triques qui interviennent dans la conception de tels assemblages, elles
abordent toutefois des aspects diffe´rents et ne s’attardent pas sur la se´lection des para-
me`tres ge´ome´triques optimums des assemblages boulonne´s en aluminium ou en PRFV. La
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plupart des essais reporte´s ont e´te´ effectue´s en doubles plans de cisaillement et tre`s peu
d’essais en simple plan de cisaillement sont publie´s. Les re´fe´rences de conception proposent
toutefois les parame`tres ge´ome´triques minimums des assemblages boulonne´s. Cependant,
elles n’identifient pas clairement les parame`tres ge´ome´triques optimums des assemblages
en aluminium ou en PRFV. Quelques ouvrages de re´fe´rence proposent des e´quations de
pre´diction similaire a` celles recommande´es pour l’acier. Toutefois, ces recommandations ne
peuvent pas eˆtre transpose´es aux PRFV a` cause du caracte`re orthotrope de ces derniers
qui ont un comportement diffe´rent de l’acier qui est isotrope. Des re´fe´rences de conception
adapte´es aux mate´riaux composites (PRFV), on note une disparite´ dans les diffe´rentes
approches de pre´diction de re´sistance de ces assemblages. De plus les recommandations de
conception semblent eˆtre base´es sur les re´sultats d’essais limite´s. Quelques e´tudes ont e´te´
publie´es sur les assemblages multi-mate´riaux. Mais seulement, les mate´riaux utilise´s dans
ces recherches visent les applications diffe´rentes du ge´nie civil (ae´ronautiques, automobile,
maritime) par conse´quent les mate´riaux utilise´s e´taient spe´cifique a` ces applications.
L’objectif ge´ne´ral de cette the`se est d’e´tudier le comportement statique des assemblages
boulonne´s et boulonne´s/colle´s aluminium-acier et PRFV-acier en simple plan de cisaille-
ment. Avec l’objectif d’e´valuer l’effet des parame`tres ge´ome´triques sur le mode de rupture
et la re´sistance de la connexion, les essais expe´rimentaux ont e´te´ effectue´s sur les configu-
rations a` un et a` deux boulons sur une file. Les re´sultats de ces essais serviront d’e´le´ment
de base pour la validation des e´quations de pre´diction et le de´veloppement d’un mode`le
d’e´le´ments finis des assemblages boulonne´s. Ce mode`le servira a` e´tendre la base de donne´es
au-dela` des parame`tres ge´ome´triques teste´s expe´rimentalement. Les re´sultats obtenus de
ces analyses permettront de re´pondre aux objectifs spe´cifiques qui sont :
1. l’identification des parame`tres ge´ome´triques optimums des assemblages boulonne´s,
2. l’analyse critique des e´quations recommande´es par des codes de conception,
3. la proposition d’e´quations d’assemblages boulonne´s approprie´es tant aux assem-
blages multi-mate´riaux aluminium-acier et PRFV-acier qu’aux assemblages mono-
mate´riaux en aluminium ou en PRFV,
4. l’e´valuation de la contribution de la colle dans de tels assemblages.
Cette the`se se pre´sente sous forme de the`se par articles scientifiques dans laquelle cinq
articles sont pre´sente´s. Le tableau 1.1 illustre le contenu de cette the`se de manie`re globale
pour mieux synthe´tiser la re´ponse aux objectifs spe´cifiques. Chacune des couleurs illus-
tre´es fait re´fe´rence a` un objectif spe´cifique tel que pre´sente´ dans la premie`re colonne. Ces
objectifs ont e´te´ traite´s a` partir des essais expe´rimentaux et/ou par analyse d’e´le´ments
finis (FEA) tels que pre´sente´s de la deuxie`me colonne a` la septie`me colonne. Les symboles
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[1] a` [5] font re´fe´rences aux articles 1 a` 5 pre´sente´s dans les chapitres 4 a` 8 tels que de´crit
ci-dessous. En plus de ces articles, une revue de litte´rature est pre´sente´e au chapitre 2 et
porte sur les proprie´te´s de l’acier, de l’aluminium et des PRFV, les divers types d’assem-
blages, l’e´tat de l’art d’assemblages boulonne´s et boulonne´s/colle´s et les recommandations
de calcul des assemblages boulonne´s. Ce chapitre est conclu par une synthe`se de la revue
de litte´rature dans laquelle une appre´ciation des travaux ante´rieurs est pre´sente´e et les
points qui me´ritent d’eˆtre e´tudie´ sont releve´s.
Au chapitre 3, la de´finition de projet de recherche dans lequel, la mise en contexte et les
objectifs spe´cifiques qui sont a` la base des cinq articles scientifiques sont pre´sente´s puis la
me´thodologie, l’originalite´ et contribution de´crivent quelques points saillants en re´ponse
aux objectifs spe´cifiques.
Tableau 1.1 – Plan de la the`se
Des cinq articles pre´sente´s dans cette the`se, trois articles ont e´te´ soumis pour publications
dans les revues scientifiques reconnues dans le domaine du ge´nie civil. Les deux autres
articles ont e´te´ pre´sente´s a` des congre`s et sont publie´s dans le compte rendu du congre`s
annuel de Socie´te´ Canadienne de Ge´nie Civil (SCGC). Ces articles sont inse´re´s dans les
chapitres 4 a` 8. L’ensemble de la recherche peut eˆtre de´crit comme suit :
– Le chapitre 4 qui a e´te´ publie´ dans une revue pre´sente le comportement des assemblages
boulonne´s aluminium-acier. L’e´valuation optimale des parame`tres ge´ome´triques des as-
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semblages aluminium-acier constitue le premier objectif de l’article 1 pre´sente´ dans ce
chapitre. Pour re´aliser cet objectif, des e´tudes expe´rimentales des assemblages boulonne´s
aluminium-acier a` un et deux boulons sur une file sont mene´es. Par la suite, un mode`le
d’e´le´ments finis capable de pre´dire le comportement de ce type d’assemblage est de´ve-
loppe´. Les re´sultats obtenus de ces deux analyses ont servi a` identifier les parame`tres
ge´ome´triques optimums des assemblages boulonne´s en aluminium pour des configura-
tions a` un et deux boulons. Les re´sultats expe´rimentaux ont en outre permis d’effectuer
une analyse critique des e´quations de pre´dictions recommande´es par les re´fe´rences de
conception. Cette analyse critique est la re´ponse au deuxie`me objectif de cette the`se sur
les assemblages boulonne´s aluminium-acier.
– Le chapitre 5 pre´sente´ dans une confe´rence comple`te l’article 1 pre´sente´ dans le chapitre
4. Dans ce deuxie`me article, l’analyse critique des e´quations de dimensionnement des
assemblages boulonne´s en aluminium recommande´s par des re´fe´rences de conception est
mene´e. Contrairement a` l’article 1, cette analyse critique ne se limite pas seulement
aux re´sultats expe´rimentaux teste´s dans cette recherche, elle est en plus base´e sur des
re´sultats expe´rimentaux publie´s par d’autres chercheurs et des re´sultats obtenus par le
mode`le d’e´le´ments finis reporte´ dans cet article. Suite a` cette analyse et aux re´sultats
expe´rimentaux et analytiques disponibles, des e´quations de pre´diction de la re´sistance
a` la pression diame´trale et a` la traction et au cisaillement combine´s sont propose´es. Ces
propositions sont une re´ponse au troisie`me objectif de cette the`se sur les assemblages
aluminium-acier.
– Le chapitre 6 qui fait l’objet d’un article publie´ dans une revue est essentiellement
consacre´ aux assemblages boulonne´s PRFV-acier. L’article 3 contenu dans ce chapitre
traite du comportement des assemblages boulonne´s PRFV-acier. Comme l’article 1, il
permet de re´pondre a` l’objectif 1 de la the`se qui est l’e´valuation des parame`tres ge´o-
me´triques optimums. Cette e´valuation est mene´e a` travers des essais expe´rimentaux et
des simulations nume´riques par e´le´ments finis. Ces re´sultats permettent d’e´valuer l’effet
des parame`tres ge´ome´triques sur le mode de rupture et la re´sistance de l’assemblage.
L’e´tude par e´le´ments finis permet de constater que certains modes de rupture sont inhe´-
rents aux types de plaques pultrude´es. Ces re´sultats permettent en outre de cibler parmi
les recommandations des parame`tres ge´ome´triques faites par les codes de conceptions
et les manufacturiers, ceux qui permettent d’obtenir une connexion optimale. Dans cet
article, l’analyse critique d’une seule norme de conception (ASCE-Pre-Standard, 2010)
est effectue´e, car cette dernie`re se veut l’une des re´fe´rences de conception la plus actua-
lise´e dans le domaine de construction du ge´nie civil avec les PRF. Il apparaˆıt de cette
analyse que certaines recommandations de dimensionnement des assemblages boulon-
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ne´s sont beaucoup trop se´curitaires et entraˆınent une sous-estimation de la re´sistance
de l’assemblage. Cette analyse critique est en partie une re´ponse au deuxie`me objectif
de cette the`se sur les assemblages boulonne´s PRFV-acier.
– Le chapitre 7 pre´sente´ a` une confe´rence est essentiellement consacre´ aux assemblages
boulonne´s PRFV-acier. L’article 4 contenu dans ce chapitre traite uniquement de la
re´sistance en section nette des assemblages boulonne´s en PRFV. Cette analyse est es-
sentiellement base´e sur les re´sultats expe´rimentaux teste´s dans le programme expe´ri-
mental pre´sente´ dans l’article 3 et sur les re´sultats expe´rimentaux publie´s par d’autres
chercheurs. Seuls les re´sultats expe´rimentaux qui ont connu une rupture en section nette
sont utilise´s dans cette analyse. Sur la base des re´sultats collecte´s, les e´quations de pre´-
diction de re´sistance en section nette de´veloppe´e par quelques chercheurs et ceux publie´s
dans les re´fe´rences de conception sont compare´es et une approche de dimensionnement
de re´sistance en section nette base´e sur la me´thode semi-empirique de´veloppe´e par Hart
Smith (Hart-Smith, 1980) est propose´e. Contrairement a` d’autres e´quations de pre´dic-
tion, celle propose´e se veut plus simple et permet d’obtenir des re´sultats assez proches
des re´sultats expe´rimentaux. Aussi, cet article permet de re´pondre au deuxie`me et au
troisie`me objectif de cette the`se sur l’analyse critique des e´quations de pre´diction des
PRFV et la proposition d’une nouvelle e´quation de pre´diction.
– Le chapitre 8 qui a e´te´ soumis a` une revue essentiellement base´ sur le comportement des
assemblages colle´s et boulonne´s/colle´s aluminium-acier et PRFV-acier a` un boulon. En
re´ponse au quatrie`me objectif, l’article 5 de´veloppe´ dans ce chapitre permet d’e´valuer
la contribution de la colle dans les assemblages boulonne´s/colle´s. Il ressort de cette
e´tude que les assemblages PRFV-acier re´pondent favorablement a` l’ajout de la colle
dans l’assemblage par une augmentation de la charge maximale comparativement aux
assemblages simplement colle´s ou simplement boulonne´s. Cependant la contribution de
la colle dans les assemblages aluminium-acier n’est que marginale.
Le chapitre 9 pre´sente une conclusion ge´ne´rale dans laquelle les objectifs spe´cifiques sont
rappele´s et une liste de conclusions en lien avec les objectifs spe´cifiques est pre´sente´e. Le
chapitre conclu par une liste de quelques points qui demandent a` eˆtre approfondis.
L’annexe A pre´sente les donne´es expe´rimentales et nume´riques comple´mentaires qui n’ont
pas e´te´ incluses dans les chapitres 4, 6, 7 et 8.
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Figure 1.1 – Pont a` poutres assemble´es
(Tre´panier et Le´geron, 2008)
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Figure 1.2 – Pont a` tablier infe´rieur
(Tre´panier et Le´geron, 2008)
Figure 1.3 – Pont treillis
(Tre´panier et Le´geron, 2008)
Chapitre 2
Revue de litte´rature
2.1 Introduction
L’aluminium et les mate´riaux composites de type polyme`res renforce´s de fibres (PRF),
sont de plus en plus utilise´s comme e´le´ments structuraux dans le domaine du ge´nie civil.
Leur utilisation est de plus en plus fre´quente en Ame´rique du Nord et en Europe, aussi
bien pour la construction des baˆtiments que celle des ponts. Cependant, leur utilisation
dans les structures ferroviaires est presque inexistante. L’objectif de la pre´sente e´tude
e´tant d’incorporer les mate´riaux innovants, tels que l’aluminium ou les PRF dans les ponts
ferroviaires, en particulier pour des applications de ponts transportables, une investigation
de leurs caracte´ristiques est ne´cessaire. Le pre´sent chapitre a pour but d’introduire de
manie`re ge´ne´rale, les proprie´te´s me´caniques de l’acier, de l’aluminium et des PRFV. Par
la suite, un bref apercu des diffe´rents types d’assemblage des plaques en aluminium et
PRFV et leurs modes de ruptures respectifs est pre´sente´ dans le but d’introduire les
concepts indispensables a` la compre´hension des aspects spe´cifiques. Ces aspects spe´cifiques
pre´sente´s aux sections 2.4 et 2.5 concernent : l’e´tat de l’art des assemblages boulonne´s ou
boulonne´s/colle´es et les me´thodes de calcul de re´sistance des assemblages boulonne´s. Enfin,
une synthe`se de la revue de litte´rature donnera une appre´ciation des travaux ante´rieurs et
indiquera les points qui me´ritent plus de recherche.
2.2 Proprie´te´ des mate´riaux
2.2.1 Acier
2.2.1.1 Type d’acier
Conforme´ment a` la norme AREMA (2003), norme de dimensionnement des structures
ferroviaires qui est utilise´ par le Canadien National, les alliages d’acier pouvant eˆtre utilise´s
pour les constructions ferroviaires en Ame´rique du Nord sont :
ASTM-A709 (nuance 50 ou 50W) ; ou son e´quivalent canadien CAN3-G40.21 (350AT ou
350WT) : pour les membrures critiques a` la fracture telles que les poutres principales, les
9
2. Revue de litte´rature 10
treillis, les poutres transversales, les raidisseurs et tout assemblage de membrures critiques
a` la fracture
ASTM-A588/A709, A572/A36 (nuance 50 ou 50W) ; ou son e´quivalent canadien CAN3-
G40.21 (300A ou 350W) : pour les membrures non critiques a` la fracture telles que les
contreventements, les raidisseurs interme´diaires ou horizontaux, les plaques de tablier, les
poteaux et plaques de gousset.
ASTM-A572/A36 (nuance 50) ; ou son e´quivalent canadien CAN3-G40.21 (300W) : pour
les membrures secondaires telles que les mains courantes et les plaques d’appui.
Les aciers de nuance 300W, 350W ou 350WT ont une meilleure re´sistance a` la corrosion
atmosphe´rique. Dans certaines conditions d’utilisation, ils peuvent eˆtre employe´s sans pro-
tection (telle que la peinture). Les proprie´te´s des aciers cite´s ci-dessus sont pre´sente´es dans
le tableau 2.1.
Tableau 2.1 – Proprie´te´s de l’acier
350WT 350W 300W
Masse volumique (kg/l) 7.8 7.8 7.8
Re´sistance ultime en traction (MPa) 480 450 450
Limite e´lastique en traction (MPa) 350 350 300
Module d’e´lasticite´ (GPa) 210 210 200
Module de cisaillement (GPa) 80 80 77
Coefficient de dilatation thermique K−1 11×106 11×106 11×106
Coefficient de poisson 0.3 0.3 0.28
2.2.1.2 Dimensionnement des structures du ge´nie civil en acier
De nombreuses recherches effectue´es sur les assemblages ont permis d’avoir une meilleure
compre´hension du comportement des structures en acier. Plusieurs e´tudes (Aribert et al.,
1999; Augustyn et al., 1982; Hirt et al., 1996; Braham et al., 1999) mene´es sur les as-
semblages en acier ont abouti a` des re´sultats concrets qui ont permis d’e´tablir des codes
de calcul (CAN/CSA-S16, 2005; CAN/CSA-S6-06, 2011; AASHTO, 2010). De nombreux
ouvrages scientifiques dont Kulak (2006); Beaulieu et al. (2003) pre´sentent le comporte-
ment des assemblages boulonne´s et soude´s lorsque soumis a` des sollicitations de traction,
de cisaillement et la combinaison des deux. Pour les usages ferroviaires, le Chapitre 15 de
la norme AREMA (2003) donne des recommandations sur les assemblages boulonne´s et
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soude´s des ponts ferroviaires en acier. Le dimensionnement des assemblages en acier dans
les ponts ferroviaires est donc bien standardise´ pour l’inge´nieur.
2.2.2 Aluminium
2.2.2.1 Type d’aluminium
L’aluminium est un mate´riau de plus en plus utilise´ pour la construction des infrastruc-
tures. Des recherches effectue´es (Tajeuna, 2008), les aluminiums 5083, 5454, 6061, 6063
figurent parmi les alliages les plus utilise´s dans la construction des ponts. Les principales
utilisations et caracte´ristiques de ces alliages sont les suivantes :
– Alliage 5083 : Plus re´sistant que les alliages sans traitement thermique a` usage commer-
cial, il se preˆte particulie`rement bien a` la soudure et pre´sente une excellente re´sistance
a` la corrosion. Il est employe´ pour divers assemblages soude´s tels que : les re´servoirs
et bennes de camions basculants. Il ne doit pas eˆtre utilise´ dans les environnements
corrosifs ni a` des tempe´ratures supe´rieures a` 60 degre´s Celsius (Alcan, 1970).
– Alliage 5454 : C’est un alliage sans traitement thermique dont les proprie´te´s me´caniques
sont le´ge`rement infe´rieures a` celle de l’alliage 5083, mais qui re´siste mieux a` la corrosion
sous tension a` des tempe´ratures e´leve´es. Il est largement employe´ pour la construction
de re´servoirs, de re´cipients sous pression et d’e´le´ments d’e´quipements pour traitements
chimiques (Alcan, 1970).
– Alliage 6061 : De re´sistance moyenne, l’alliage 6061-T6 est pre´sent dans le domaine
industriel du monde entier sous forme de produit file´ (barres, profile´s, tubes), e´tire´,
lamine´ ou forge´. D’une fac¸on ge´ne´rale, il est utilise´ toutes les fois que l’on a besoin de
structure a` re´sistance moyenne devant pre´senter une bonne re´sistance a` la corrosion.
Parmi les alliages de traitement thermique, l’alliage 6061 est un de ceux qui pre´sentent
la meilleure tenue a` la corrosion. L’alliage 6061 n’est pas sensible a` la corrosion sous
tension (Alcan, 1970; Beaulieu, 2003; Develay, 1992).
– Alliage 6063 : Pre´sente de bonnes proprie´te´s me´caniques et une excellente aptitude a`
l’extrusion. Cette dernie`re qualite´ permet de produire plus facilement des profile´s creux a`
parois minces, des profile´s pleins de formes complexes, ainsi que d’autres profile´s qui sont
habituellement difficiles a` obtenir avec un fini satisfaisant. Il se preˆte bien au polissage,
au brillantage chimique, et a` la teinture (Alcan, 1970).
Le tableau 2.2 pre´sente les proprie´te´s me´caniques de l’aluminium.
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Tableau 2.2 – Proprie´te´s de l’aluminium (ADM, 2010; CSA-S157, 2007)
Al. 5083 Al. 5454 Al. 6061 Al. 6063
H321 H34 T6 T6
Masse volumique (kg/l) 2.7 2.7 2.7 2.7
Re´sistance ultime en traction (MPa) 305 270 260 205
Limite e´lastique en traction (MPa) 215 200 240 170
Module d’e´lasticite´ (GPa) 71.7 71.7 69.6 69.6
Module de cisaillement (GPa) 26 26 26 26
Re´sistance ultime en compression (MPa) 180 185 240 170
Re´sistance ultime en cisaillement (MPa) 180 160 165 130
Limite e´lastique en cisaillement (MPa) 125 115 140 95
Coefficient de dilatation thermique K−1 23×106 23×106 23×106 23×106
Coefficient de Poisson 0.33 0.33 0.33 0.33
2.2.2.2 Ouvrages de conceptions
Les normes pour le dimensionnement des structures en aluminium au Canada, en Europe
et au EU sont respectivement : CSA-S157 (2007); EC9 (1999); ADM (2010). Quelques
recommandations pour le dimensionnement des ponts en aluminium peuvent eˆtre trouve´es
dans la section 7 de la norme ame´ricaine AASHTO (2010). Selon Beaulieu (2003), le
dimensionnement des ouvrages en aluminium suit de pre`s celui de l’acier. De plus en plus
d’ouvrages de calcul sur le dimensionnement des structures en aluminium sont publie´s
(Beaulieu, 2003).
2.2.3 Mate´riaux composites (PRF)
2.2.3.1 Type de profile´s pultrude´s disponibles
Les mate´riaux composites dont il est question dans la pre´sente section ne sont que des
profile´s pultrude´s compose´s de polyme`res renforce´s de fibres de verre (PRFV). Il existe
e´galement des polyme`res renforce´s en fibre de carbone (PRFC) qui fournissent des pro-
prie´te´s similaires a` celles de l’acier. Ils sont commercialement disponibles en tissus ou en
armature de renforcement. Ils ne sont pas commercialement disponibles en profile´s compte
tenu de leur aspect one´reux. Cependant, les manufacturiers disent pouvoir adapter la fabri-
cation de leurs produits a` la demande du client. Chaque manufacturier produit un cahier
de calcul qui illustre l’emploi des sections disponibles a` son catalogue de produits. Les plus
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grands manufacturiers sont aux E.U : Strongwell Inc., Creative Pultrusion Inc., et Bedford
Reinforced Plastics. En Europe, on trouve Fiberline composite. Les sections des produits
pultrude´s de ces diffe´rentes compagnies sont similaires de celles de l’acier.
Les proprie´te´s me´caniques des produits varient d’une compagnie a` l’autre. Elles diffe`rent
en fonction du pourcentage de fibres, de la re´sine et du type de mat. Le module d’e´lasticite´
typique est de 17.9 GPa (2.6×106 psi), 26.5 GPa (3.58×106 psi) et 17.2 GPa (2.5×106 psi)
respectivement pour les compagnies Strongwell, Creative Pultrusions et Bedford Reinfor-
ced Plastics. La figure 2.1 et le Tableau 2.3 qui suivent pre´sentent les proprie´te´s me´caniques
des mate´riaux de quelques manufacturiers aux E.U et en Europe. Les proprie´te´s sont don-
ne´es dans le sens de la pultrusion (Lt) et dans le sens transversal a` la pultrusion (Tt) car
il s’agit en ge´ne´ral d’un mate´riau aux properties orthotropes.
Figure 2.1 – Profile´s disponibles (a)Bedford Reinforced Plastic, (b)Creative Pultrusion
Inc., (c)Fiberline Composite Inc.,(d)Strongwell Inc.(Extren)
2.2.3.2 Ouvrages de conception
En Ame´rique du Nord, il n’existe pas de manuel de conception uniformise´. Certains ou-
vrages de conception tels que Chen et Lui (2005); Bank (2006); ASCE-Pre-Standard (2010)
sugge`rent quelques recommandations de calcul des structures en PRFV. En Europe, l’EU-
ROCOMP (Clarke, 1996) est l’ouvrage de re´fe´rence pour le dimensionnement des struc-
tures en mate´riaux composites. Le manuel de´veloppe´ par le Conseil national de recherche
italienne CNR-DT-205 (2008) fournit e´galement quelques bases de conception avec les
PRFV pultrude´s. Les manufacturiers mettent a` la disposition des inge´nieurs des ouvrages
de dimensionnement propres a` l’utilisation de leurs produits (Strongwell, 2002; Fibreline-
Composite, 2003; Creative-Pultrusion, 2001).
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Tableau 2.3 – Proprie´te´ des PRFV
Strongwell Bedford Creative Fiberline
EXTREN Composites pultrusion Composites
(Se´rie 525/625) (Se´rie 1500)
Densite´ 1.71 a` 1.94 1.71 a` 1.94 1.71 a` 1.94 1.71 a` 1.94
Matrice Vinyl Ester Vinyl Ester Polyester Vinyl Ester
Taux de verre (/ 100) 50 a` 70 50 a` 70 50 a` 70 50 a` 70
Re´sistance en traction Lt (MPa) 207 207 228 240
Re´sistance en traction Tt (MPa) 48.25 48.25 51.71 50
Module en traction Lt (GPa) 17.2 17.2 17.2 23
Module en traction Tt (GPa) 5.5 5.5 5.5 8.5
Re´sistance en flexion Lt (MPa) 207 207 228 240
Re´sistance en flexion Tt (MPa) 69 69 75.84 100
Module en flexion Lt (GPa) 11 12.4 11.04 -
Module en flexion Tt (GPa) 5.5 5.5 5.5 -
Module de cisaillement (GPa) 4.5 3.1 3 3
Re´sistance en compression Lt (MPa) 207 207 227.53 240
Re´sistance en compression Tt (MPa) 111 103.4 113.76 70
Re´sistance en cisaillement (MPa) 31.03 31 31.03 35
Coefficient de dilatation K−1 6×106 - - -
Coefficient de poisson Lt 0.33 - 0.35 -
Coefficient de poisson Tt - - 0.15 0.23
Lt : direction longitudinale ; Tt : direction transversale
2.3 Types d’assemblage
Les diffe´rents types d’assemblages rencontre´s dans les ouvrages du ge´nie civil sont des
assemblages boulonne´s, soude´s et/ou la combinaison des deux. Les assemblages colle´s ou
boulonne´s/colle´s, bien que pre´sents pour d’autres applications sont peu utilise´s dans les
structures lourdes. Avant d’aborder de manie`re ge´ne´rale quelque aspects des diffe´rents
types d’assemblage, il convient de relever que la mise en contact de l’acier aux PRFV
ou de l’aluminium aux PRFV ne pose pas de proble`me. Cependant, pour la combinai-
son aluminium-acier, on observe souvent le proble`me de la corrosion galvanique lorsque
des aciers ordinaires sont utilise´s. Dans le cadre de cette e´tude, nous nous limiterons a`
des aciers CAN3-G40.21(350AT) qui sont des aciers a` haute performance de grande re´sis-
tance posse´dant des proprie´te´s anti-corrosion. Pour ce qui est de l’aluminium, l’expe´rience
montre qu’au contact avec l’acier ordinaire, les alliages des se´ries 3000, 5000 et 6000 ne
subissent qu’une corrosion tre`s superficielle, limite´e a` la zone de contact (Beaulieu, 2003).
Toutefois, des mesures de protection doivent eˆtre prises. Elles consistent a` interposer un
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mate´riau isolant entre les me´taux adjacents lors de l’assemblage afin d’assurer la rupture
de la continuite´ e´lectrique (figure 2.2). L’autre moyen est de peindre les surfaces en contact
pour les isoler du milieu (Beaulieu, 2003).
Figure 2.2 – Isolement de l’aluminium a` l’acier (Beaulieu, 2003)
2.3.1 Assemblages boulonne´s
Ce type d’assemblage est commun a` toutes les applications et convient a` tous les mate´riaux.
Trois principales raisons expliquent sa pre´fe´rence au soudage et au collage :
– il ne ne´cessite pas de pre´paration de surface ;
– il rend possible le de´montage des structures assemble´es ;
– son controˆle en chantier est facile et imme´diat.
De plus, la plupart des techniciens sont familiers a` ce type d’assemblage. Cependant,
le boulonnage n’est pas sans inconve´nient. La perforation ne´cessaire pour le boulonnage
engendre des concentrations de contraintes au bord du trou ce qui peut dans certains cas
causer la rupture de l’assemblage. C’est pourquoi les normes et manuels de conception
prescrivent les parame`tres ge´ome´triques minimales des assemblages boulonne´s.
2.3.1.1 Rupture des assemblages boulonne´s
Sous des sollicitations de traction, un assemblage boulonne´ peut subir diffe´rents modes de
rupture. Quelques modes de ruptures typiques aux assemblages boulonne´s sont pre´sente´s
sur la figure 2.3. Les diffe´rents modes de rupture rencontre´s dans le cas des assemblages
boulonne´s sont donc : la rupture par e´crasement ou ovalisation excessive du trou (figure
2.3(a)), la rupture de la section nette du joint (figure 2.3(b)), la rupture par cisaillement
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dans la direction de l’ovalisation paralle`le au chargement (figure 2.3(c)) et la rupture par
bloc de cisaillement (figure 2.3(d)). En plus de ces modes de ruptures, les mate´riaux com-
posites, de par leur configuration anisotrope, de´veloppent d’autres modes de rupture qui
sont : la rupture des fibres, l’endommagement de la matrice, et la de´cohe´sion interfaciale.
Une rupture propre aux assemblages PRFV pultrude´s est le clivage (ASCE-Pre-Standard,
2010). Elle survient lorsque la direction de pultrusion est paralle`le au chargement. Elle
est caracte´rise´e par une fissure partant du trou du boulon a` l’extre´mite´ du bord libre de
la plaque. Quelques fissures additionnelles s’e´talant sur la section nette sont souvent ob-
serve´es (figure 2.3(e)). Une rupture similaire a` figure 2.3(e) est souvent observe´e dans les
me´taux mais est classe´e dans les cas de rupture par bloc de cisaillement.
Figure 2.3 – Rupture typique des assemblages boulonne´s (a) Ovalisation excessive (b)
Section nette (c) Cisaillement (d) Bloc de cisaillement (e) Clivage
2.3.1.2 Caracte´ristiques ge´ome´triques des assemblages boulonne´s
Pour une bonne manoeuvrabilite´ du serrage du boulon et pour contrer les ruptures fragiles,
les normes et manuels de conceptions prescrivent des valeurs minimales et normales des
parame`tres ge´ome´triques des assemblages boulonne´s. Ces caracte´ristiques ge´ome´triques
sont de´termine´es en fonction des proprie´te´s me´caniques des diffe´rents mate´riaux a` assem-
bler. La figure 2.4 pre´sente les configurations typiques a` simple-plan et double-plan de
cisaillement et la nomenclature des parame`tres ge´ome´triques des assemblages boulonne´s
dont nous ferons re´fe´rence dans ce chapitre. Ces parame`tres sont les suivants : le nombre
de plans de cisaillement (x ), la pince longitudinale (e) qui est la distance entre le centre
du boulon et l’extre´mite´ libre paralle`le au chargement, la pince transversale (s) qui est
la distance entre le centre du boulon et le bord de la plaque transversal au chargement ;
la largeur du joint (w) ; le pas longitudinal (p) qui est la distance longitudinale entre-axe
comprise entre deux trous de boulon ; le pas transversal (g) qui est la distance transversale
entre-axe comprise entre deux trous de boulon ; l’e´paisseur de la plaque (t) ; le diame`tre
du trou du boulon (dh) ; le diame`tre du boulon (d) ; le nombre de boulons dans la ligne
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Figure 2.4 – Configurations typiques des assemblages boulonne´s
(n), le nombre de boulons de la file(m), et le nombre total de boulons dans l’assemblage
(N ). Dans un assemblage sollicite´ en traction ou en compression, la file est paralle`le au
chargement alors que la ligne est perpendiculaire au chargement. Les manuels de concep-
tion fixent les valeurs normales et minimales de ces parame`tres ge´ome´triques. Ils peuvent
diffe´rer d’un manuel de conception a` un autre. Le tableau 2.4 re´sume ces recommandations
ge´ome´triques pour les assemblages boulonne´s en acier, aluminium et les PRFV.
2.3.2 Assemblages colle´s et boulonne´s/colle´s
Le collage s’adapte aussi bien aux me´taux qu’aux mate´riaux composites. Il pre´sente plu-
sieurs avantages dont : il ne change pas les proprie´te´s me´caniques de la pie`ce, il n’y a donc
pas risque d’affaiblissement de cette dernie`re, il apporte une certaine protection au joint
contre les agents environnementaux, il rend possible les assemblages multi-mate´riaux, il
re´siste bien a` la fatigue et selon la formulation, les exigences et le type d’adhe´sif, il peut
eˆtre a` volonte´ souple ou rigide. Cependant, il pre´sente l’inconve´nient de ne pas eˆtre de´-
montable. De plus la technique de collage n’est pas beaucoup utilise´e en ge´nie civil et exige
une tre`s bonne pre´paration de surface avant sa mise en place.
Le collage structural est ge´ne´ralement re´alise´ dans un environnement de fabrication bien
controˆle´ tel que rencontre´ dans l’industrie ae´ronautique. Dans les infrastructures civiles, le
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Tableau 2.4 – Parame`tres ge´ome´triques minimums des assemblages boulonne´s
p g e s dh
Joints boulonne´s en acier
(CAN/CSA-S16, 2005) 2.7d 2.7d 1.5d d+6 mm d+2mm
(Pour d ≤ 24mm)
Joints boulonne´s en aluminium
(CSA-S157, 2007) 3d 2.5d 1.5d 1.25d d+1mm (Pour d < 12mm)
d +1.5 (pour d ≥ 12 mm)
(ADM, 2010) 2.5d 2.5d 1.5d 1.5d ≤ d+ 2 mm
(EC9, 1999) 2.2d 2.4d 1.2d 1.2d d+1 mm
Joints boulonne´s en PRFV pultrude´s
(CNR-DT-205, 2008) 4d 4d 4d 2d = d+1 mm
(Clarke, 1996) 4d 4d s ou 3d 0.5w 1≤ d/t et ≤ 1.5d
d < dh ≤ 0.5d
(Chen et Lui, 2005) 4d 4d 4d 2d
(ASCE-Pre-Standard, 2010) 4d 4d 4d (1 boulon) 1.5d d +1.6 mm
2d (2 ou 3boulons)
(Strongwell, 2002) 5d 5d 3d 2d
(Creative-Pultrusion, 2001) 3d 3d 3d 2d
(Fibreline-Composite, 2003) 4d 4d 3.5d 2d d+1 mm
collage des joints n’est pas le mode d’assemblage de choix, spe´cialement a` cause de l’e´pais-
seur des joints (tre`s e´pais) a` assembler et aussi aux difficulte´s de controˆle sur le chantier.
Le boulonnage combine´ au collage est de plus en plus rencontre´ dans les constructions
ae´rospatiales. Il n’existe pas de normes et de code de conception pour des assemblages de
ce genre dans les structures du ge´nie civil. Lorsque l’assemblage est soumis a` un charge-
ment lourd et cyclique, il est recommande´ de l’associer a` un assemblage me´canique afin de
pre´venir un de´collage qui pourrait induire une rupture fragile suite a` un le´ger dommage.
Il existe une gamme tre`s diversifie´e d’adhe´sifs. Ils sont ge´ne´ralement fonction du manu-
facturier. Trois types de colle ont e´te´ mis a` notre disposition pour cette e´tude. Il s’agit de
Loctite H8500, Weld-On SS605 et Sikadur 330. Loctite H8500 et Weld-On SS605 sont des
adhe´sifs me´thacrylates alors que Sikadur 330 est un adhe´sif e´poxyde. Les adhe´sifs me´tha-
crylate ont un faible module d’e´lasticite´ compare´ aux adhe´sifs e´poxyde, mais une grande
habilite´ a` se de´former. Le tableau 2.5 pre´sente les caracte´ristiques typiques de ces adhe´-
sifs. La figure 2.5 pre´sente divers modes de rupture pouvant survenir dans les assemblages
colle´s PRF-PRF.
2.3.3 Assemblages soude´s
Le soudage est un mode d’assemblage de me´taux couramment rencontre´ dans les construc-
tions du ge´nie civil. Il rend possible la continuite´ me´tallique entre les pieces soude´es. Ce-
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Tableau 2.5 – Proprie´te´s des adhe´sifs
Sikadur Loctite Weld-On
330 H8500 SS605
Module d’e´lasticite´(GPa) 3.8 1.11 0.41-0.52
Re´sistance en traction (MPa) 30 15 18-21
Re´sistance au cisaillement (MPa) - 15 19-22
Figure 2.5 – Rupture des joints colle´s PRF-PRF (Cognard, 2003)
pendant, comme le collage, il pre´sente l’inconvenient de ne pas eˆtre de´montable. Ce type
d’assemblage ne sera pas conside´re´ dans le cadre de cette e´tude pour deux principales
raisons :
– Pour les assemblages multi-mate´riaux aluminium-acier, le soudage rend difficile l’isole-
ment de l’acier a` l’aluminium afin d’e´viter la corrosion galvanique.
– Les mate´riaux composites en fibre de verre et a` matrice thermodurcissable ne sont pas
soudables.
2.4 E´tat de l’art des assemblages boulonne´s et bou-
lonne´s/colle´s
Des chercheurs se penchent de plus en plus sur les e´tudes des assemblages multi-mate´riaux
boulonne´s et/ou colle´s. La pre´sente section retrace les e´tudes expe´rimentales et nume´riques
les plus pertinentes.
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2.4.1 Assemblages boulonne´s
2.4.1.1 Aluminium-acier ou aluminium-aluminium
Menzemer et al. (1999) ont teste´ des assemblages concentriques en double-plan de cisaille-
ment de plaque d’aluminium 6061-T6 de 6.35 mm d’e´paisseur. L’objectif e´tait d’estimer
l’e´tat limite de la re´sistance en traction et cisaillement combine´s des assemblages multi-
boulons. Ces assemblages multi-boulons e´taient constitue´s de 8 boulons dispose´s en 2 files
de 4 boulons et de 14 boulons dispose´s en 2 files de 7 boulons. Dans chaque configuration,
le pas transversal g=50.8 mm d’une part et g=101.6 mm d’autre part ont e´te´ conside´re´s
avec une largeur, une pince longitudinale et un diame`tre de boulon constant respective-
ment e´gal a` w=610 mm, e=31.75 mm et d=16 mm. A` la suite de ces essais, la rupture en
traction dans le pas transversal de la premie`re ligne la plus e´loigne´e de l’extre´mite´ (non
charge´e) de la plaque et la rupture graduelle en cisaillement au long de chaque file (trac-
tion et cisaillement combine´s) ont e´te´ observe´es. Sur la base de ces essais expe´rimentaux,
une approche permettant d’incorporer la longueur de l’assemblage Lv dans l’e´quation de
re´sistance en traction et cisaillement combine´s a e´te´ propose´e.
Menzemer et al. (2002) ont e´galement e´tudie´ la re´sistance des assemblages a` la pression
diame´trale de trois types d’aluminium (5052-H32, 5454-H34 et 3003-H16) utilise´s dans
les applications varie´es de l’inge´nierie. Deux types de configurations avec des boulons
sollicite´s en double plan de cisaillement ont e´te´ conside´re´s. La premie`re configuration
pre´sente´e sur la figure 2.6(a) e´tait constitue´e d’une plaque d’aluminium centrale recouverte
de deux goussets e´pais en acier, alors que la deuxie`me (figure 2.6(b)) e´tait constitue´e d’une
plaque d’acier centrale recouverte de deux goussets en aluminium. Dans chacun des cas,
les boulons e´taient soit tre`s serre´s (snug-fit tightened) induisant un pre´-chargement, soit
peu serre´s (loose tightened). La largeur des plaques a e´te´ maintenue constante w=101.2
mm, mais avec des e´paisseurs de plaque variantes (t=1.25mm, 2.15mm, 3.2mm, 6.25mm)
et de diame`tre de boulons de d=6.25 mm, et 19 mm. Suite a` ces essais, il en ressort
que le ratio de la re´sistance a` la pression diame´trale de la connexion sur la re´sistance du
mate´riau est plus e´leve´ dans les configurations avec des plaques centrales d’aluminium que
celle dont les plaques externes sont en aluminium. De plus, l’effet du pre´-chargement du
boulon e´tait plus significatif dans les configurations avec une plaque centrale d’aluminium
que celle avec les plaques externes en aluminium. Cependant, la pression fournie soit par
le pre´-chargement du boulon soit par les deux goussets e´pais d’acier a se´ve`rement limite´
la de´formation a` la rupture de la connexion boulonne´e.
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Figure 2.6 – E´chantillons pour les essais d’ovalisation des plaques d’aluminium en :
(a)couches internes, (b) couches externes
Menzemer et al. (2002)
Wang et al. (2011) ont effectue´ des analyses expe´rimentales et par e´le´ments finis pour
e´valuer la pression diame´trale des assemblages a` 1 boulon en alliage d’aluminium 6061-T6
et 6063-T5. Le diame`tre du boulon et la pince longitudinale e´taient les deux parame`tres
e´tudie´s dans l’analyse expe´rimentale tandis que la simulation nume´rique comprenait en
plus des parame`tres examine´s expe´rimentalement, l’e´paisseur des plaques. Il a e´te´ trouve´
que la capacite´ portante de l’assemblage est directement proportionnelle a` l’e´paisseur de
la plaque et au diame`tre du boulon. Avec l’augmentation de la pince longitudinale, le
mode de rupture passe du cisaillement a` la rupture par ovalisation excessive. La re´sistance
par pression diame´trale a e´te´ trouve´e line´airement proportionnelle a` la pince longitudinale
jusqu’a` une valeur de 3d. Au-dela` de cette valeur, la re´sistance a` la pression diame´trale
e´tait presque constante. Sur la base de ces essais, une e´quation simplifie´e a e´te´ propose´e
pour e´valuer l’impact de la pince sur la re´sistance a` la pression diame´trale. Le ratio de la
re´sistance a` la pression diame´trale de la connexion sur la re´sistance ultime du mate´riau
Fbr/Fu (incluant les coefficients de tenue) propose´ par les codes de conception (AISI-S100,
2007; ADM, 2010) a e´te´ critique´. Les auteurs estiment que des facteurs de re´ductions
excessifs sont incorpore´s dans les codes de conception courants.
Kim et al. (2012b) ont effectue´ des essais expe´rimentaux afin d’e´valuer le comportement
ultime des assemblages d’aluminium d’alliage 6061-T6 en simple-plan de cisaillement. Les
assemblages de quatre boulons e´taient dispose´s en deux files de 2 boulons par file. Les
pinces longitudinale et transversale e´taient les principales variables e´tudie´es (e = 2d, 2.5d,
3d, 4d, 5d, 6d et s=2.5d et 5d) alors que l’e´paisseur des plaques e´tait maintenue a` 3.2 mm
et le pas longitudinal et transversal a` 3d. Les re´sultats des tests ont montre´ que tous les
e´chantillons subissent une rupture en traction et cisaillement combine´s. Il a e´te´ constate´
que la re´sistance de l’assemblage augmente avec l’augmentation de la pince longitudinale
jusqu’a` une valeur de 5d. Au-dela` de cette valeur, une re´duction de la re´sistance a e´te´
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observe´e suite a` une de´formation hors-plan excessive. Les re´sultats expe´rimentaux ont e´te´
compare´s aux re´sultats d’e´quations de pre´diction de traction et au cisaillement combine´s
propose´s par les codes de conception. Selon les auteurs, il s’est ave´re´ que les e´quations
de pre´diction tendent a` sous-estimer la re´sistance en traction et cisaillement combine´s
des assemblages. Cependant lorsque l’assemblage est soumis aux effets de de´formation
hors-plan, les e´quations de pre´diction tendent plutoˆt a` les surestimer.
A` la suite de leur e´tude expe´rimentale, Kim et al. (2012a) ont e´galement effectue´ une
simulation nume´rique pour estimer le comportement structural tel que la re´sistance ultime,
le mode de rupture et l’effet de la de´formation hors-plan sur les assemblages boulonne´s en
simple plan de cisaillement. De leur e´tude parame´trique, la ne´cessite´ de conside´rer l’effet
de la de´formation hors-plan dans les e´quations de pre´diction des assemblages a` longue
pince longitudinale a e´te´ souligne´e.
Tinl et al. (2013) ont re´alise´ une se´rie de 48 essais expe´rimentaux sur des assemblages
boulonne´s en alliage 5052-H32 et 6061-T6 ayant une pince longitudinale de e=1.5d et
1.25d. Leur but e´tait de de´terminer la relation charge-de´formation de l’assemblage a` un
boulon et d’e´valuer leur re´sistance a` la pression diame´trale. Des 48 essais, 24 des spe´ci-
mens teste´s e´taient en alliages 6061-T6 et 24 en 5052-H32. Les parame`tres ge´ome´triques
des spe´cimens avec l’alliage 6061-T6 e´taient de e=1.25dh et 1.5dh avec (w) et (t) constant
et et respectivement e´gal a` 101.6 mm et 6.25 mm. Les meˆmes configurations ont e´te´ consi-
de´re´es pour l’alliage 5050-H32 a` l’exception de l’e´paisseur qui e´tait de 3.125 mm. Parmi
les conclusions cle´s, le ratio contrainte diame´trale sur re´sistance du mate´riau (σb/Fu) a` la
rupture pour e=1.5d e´tait de 1.6 alors que celui de e=1.25d e´tait de 1.2. Compare´es aux
re´sistances obtenues par l’e´quation de pre´diction du code de conception ADM (2010), les
re´sistances obtenues expe´rimentalement e´taient plus e´leve´es que celles obtenues par l’e´qua-
tion de pre´diction de la pression diame´trale lorsque la re´sistance minimale du mate´riau
(Fu) est utilise´e.
2.4.1.2 PRFV-acier ou PRFV-PRFV
De nombreuses e´tudes d’assemblage me´canique en mate´riau composite ont e´te´ rapporte´es
dans la litte´rature. La plupart ont e´te´ mene´es au profit de l’industrie ae´ronautique et auto-
mobile. Thoppul et al. (2009) pre´sentent un examen approfondi des diverses publications
s’e´tendant de 1978 a` 2007. Pour les applications du ge´nie civil telles que les ponts et les
baˆtiments, les profile´s pultrude´s sont le plus souvent utilise´s. La plupart des essais expe´-
rimentaux rapporte´s ont e´te´ re´alise´s dans les configurations a` double-plan de cisaillement
(Figure 2.4).
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Abd-El-Naby et Hollaway (1993a) ont rapporte´ 108 re´sultats d’essais expe´rimentaux des
assemblages boulonne´s sollicite´s en traction. Les assemblages en double plans de cisaille-
ment e´taient constitue´s de deux plaques externes en acier et une plaque interne en PRFV.
Les plaques en PRFV e´taient oriente´es de telle sorte que le chargement soit paralle`le a` la
direction de pultrusion. Les boulons en acier de 9.5 mm de diame`tre ont e´te´ utilise´s. Dans
un premier temps, le parame`tre e´tudie´ e´tait les plaques de protection entre l’e´crou et la
plaque a` assembler. Trois groupes de plaques de protection de tailles varie´es ont e´te´ consi-
de´re´s : les rondelles de boulon en acier a` serrage ajustable d’un ratio de diame`tre externe
sur diame`tre interne e´gal a` 2.2, des plaques d’acier couvrant tout la zone potentielle de
dommages et les plaques en composites couvrant la meˆme zone. Les parame`tres ge´ome´-
triques des joints e´taient maintenus constants. De cette e´tude, les auteurs rapportent que
le comportement des joints de´pend de la taille de la zone confine´e (surface des plaques de
protection) ainsi que du mate´riau des plaques utilise´es pour le confinement. Ils observent
que la re´sistance du joint augmente avec l’augmentation de la zone confine´e. Aucune dif-
fe´rence de´finie dans la charge de rupture n’a e´te´ observe´e lorsque la plaque de protection
change de l’acier au PRFV. Cependant, lorsque la rondelle de boulon est remplace´e par
la plaque de protection en acier, le de´placement du boulon est re´duit. Ce de´placement est
davantage re´duit lorsque la plaque de protection en acier est remplace´e par la plaque de
protection en PRFV. Dans un second temps, une investigation de la pince longitudinale
critique pour les assemblages a` un boulon a e´te´ mene´e. Les auteurs de´finissent cette dis-
tance critique comme e´tant la distance de pince pour laquelle un joint d’une largeur fixe
atteint sa capacite´ maximale. Les plaques en PRFV avec des proportions diffe´rentes de
fibres ont e´te´ conside´re´es. Pour cette analyse, les parame`tres w/dh variaient de 2.1 a` 7.4
et e/dh de 1 a` 15. Suite a` cette e´tude, il a e´te´ constate´ que la pince longitudinale critique
de´pend de la largeur (w) de l’assemblage. Les auteurs ont e´galement observe´ que pour
certains lamine´s pultrude´s, la rupture par ovalisation excessive ne peut eˆtre atteinte en
raison de la faible re´sistance en cisaillement du mate´riau. Cependant, un comportement
ductile de l’assemblage peut eˆtre obtenu en augmentant la pince longitudinale au-dela` de
la valeur normale recommande´e.
Erki (1995) a rapporte´ 63 re´sultats d’essais expe´rimentaux des assemblages a` un boulon
sollicite´ en double-plan de cisaillement avec des plaques PRFV pultrude´s. Les parame`tres
ge´ome´triques de l’assemblage e´taient maintenus constants tandis qu’il y avait une varia-
tion des connecteurs et de l’angle de pultrusion par rapport au chargement. Les attaches
utilise´es e´taient des tiges filete´es en PRFV, des tiges filete´es en acier doux et des boulons
de tige lisse en acier. Pour quelques essais avec connecteur en tige filete´e en PRFV, un
tuyau en PRFV a e´te´ utilise´ comme manchon de protection. Les e´chantillons des plaques
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en PRFV ont e´te´ coupe´s a` 0˚ , 45˚ et 90˚ par rapport a` l’orientation principale des fibres.
Suite aux essais de traction et de compression, il a e´te´ constate´ que les joints assemble´s
d’une tige filete´e en PRFV ont approximativement la moitie´ de la re´sistance de ceux avec
une tige filete´e en acier. En outre, les joints avec une tige filete´e en PRFV et un manchon de
protection en PRFV e´taient au moins trois fois plus re´sistants que les joints avec une tige
filete´e en PRFV sans manchon de protection. L’auteur rapporte e´galement que la capacite´
de chargement de´croˆıt avec l’augmentation de l’angle d’orientation des fibres principales.
Mais ce constat est plus prononce´ pour les essais de traction que ceux de compression.
Rosner et Rizkalla (1995a) ont e´tudie´ le comportement des assemblages boulonne´s a`
double-plan de cisaillement avec des plaques d’acier et PRFV. Un total de 102 assem-
blages a` un boulon a e´te´ teste´. Les assemblages e´taient compose´s de deux plaques externes
de PRFV pultrude´s et une plaque interne d’acier. L’axe de pultrusion par rapport a` l’axe
de chargement des plaques de PRFV variait de 0˚ , 45˚ et 90˚ . Les parame`tres e´tudie´s
e´taient w, e et t. Les re´sultats des essais indiquent que la re´sistance de l’assemblage et
le mode de rupture pourraient eˆtre ame´liore´s en augmentant les rapports w/dh et e/dh
jusqu’a` une valeur limite de 5. A` cette valeur, la rupture par ovalisation excessive du trou
a e´te´ observe´e. La re´sistance de l’assemblage est re´duite lorsque l’angle de pultrusion par
rapport a` l’orientation du chargement passe de 0˚ a` 90˚ .
Cooper et Turvey (1995) ont e´tudie´ les effets des parame`tres ge´ome´triques et du couple de
serrage du boulon sur la performance structurale des assemblages sollicite´s en traction. Un
total de 81 e´chantillons en double-plan de cisaillement avec deux plaques d’acier exte´rieurs
et une plaque de PRFV pultrude´e centrale ont e´te´ teste´s. L’orientation du chargement de
tous les assemblages teste´s e´tait paralle`le a` l’axe de pultrusion. Un diame`tre de boulon de
10 mm et une e´paisseur des plaques de PRFV de 6.35 mm ont e´te´ utilise´s. Les rapports w/d
variant de 2 a` 10 et e/d de 2 a` 6.5 ont e´te´ conside´re´s. Les couples de serrage des boulons
de 0 Nm (goupille), 3 Nm (le´ge`rement serre´s) et 30 Nm (tre`s serre´s) ont e´te´ e´tudie´s. A`
partir des re´sultats expe´rimentaux, la pince longitudinale critique et la largeur critique
qui permettent d’obtenir la rupture par ovalisation excessive, augmente significativement
avec l’augmentation du couple de serrage. Ces valeurs critiques ont e´te´ mesure´es a` e/d =
3 et w/d = 4 pour les couples de serrage a` 0 Nm, e/d = 5 et w/d = 6 pour les couples
de serrage a` 3 Nm et e/d = 6.5 et w/d = 10 pour les couples de serrage a` 30 Nm. Les
auteurs sugge`rent que la conception doit eˆtre base´e sur la charge de dommage qui est la
charge a` laquelle la rigidite´ de l’assemblage change. Les parame`tres ge´ome´triques minimum
correspondant a` ce chargement sont de : e/d=3 et w/d=4.
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Turvey (1998) a entrepris une se´rie d’essais en traction des assemblages a` un boulon sur
une plaque d’e´paisse de 6.4 mm en PRFV pultrude´. Les effets de l’angle du chargement
en traction par rapport a` la direction de pultrusion α = 90˚ , 45˚ et 30˚ ont e´te´ examine´s.
Les spe´cimens e´taient assemble´s en double-plan de cisaillement avec deux plaques d’acier
exte´rieures et une plaque de PRFV pultrude´ centrale. Les parame`tres ge´ome´triques va-
riaient de 3 a` 6 pour e/d et 4 a` 10 pour w/d. Parmi les conclusions les plus importantes,
l’auteur fait observer qu’il y a peu d’e´vidence d’une rupture par ovalisation excessive, une
fois l’angle de pultrusion par rapport a` celle du chargement supe´rieur a` 30˚ . La rupture
par section nette a e´te´ observe´e pour tous les e´chantillons teste´s. L’auteur note e´galement
que la rigidite´ initiale ne semble pas beaucoup varier avec le rapport e/d, mais il augmente
a` la fois avec l’augmentation du ratio w/d et la diminution de l’angle entre la direction de
chargement et l’axe de pultrusion.
Wang (2002) a re´alise´ des essais expe´rimentaux pour caracte´riser l’influence des parame`tres
ge´ome´triques et de l’e´tat de chargement sur la re´sistance du joint et le mode de rupture
des PRFV. Les plaques de PRFV de 3.2 mm d’e´paisseur e´taient monte´es en goupille
(pin bearing). Les parame`tres ge´ome´triques e´tudie´s e´taient w, e, dh et t. La rupture par
ovalisation excessive a e´te´ observe´e a` w/d=4 et e/d=1.5 pour les e´chantillons dont l’axe
du chargement e´tait paralle`le a` la direction de pultrusion. Ceux dont la pultrusion e´tait
transversale au chargement ont subi une rupture en section nette. L’effet du renforcement
additionnel des plaques de PRFV par des tissus de PRFV sur les deux faces des plaques
a e´galement e´te´ e´value´. Avec ce nouveau mate´riau, un accroissement de 4 a` 63% de la
re´sistance des assemblages fut observe´. La rupture par ovalisation excessive a e´te´ atteinte
pour les e´chantillons ayant les parame`tres ge´ome´triques w/d=4 et e/d=1 et un angle
de chargement paralle`le a` la direction de pultrusion. Pour ceux dont la pultrusion e´tait
perpendiculaire au chargement, pas de diffe´rence notoire dans le mode de rupture n’a e´te´
observe´e.
Abd-El-Naby et Hollaway (1993b) ont examine´ la relation entre le mouvement relatif et
la charge de rupture associe´e a` deux boulons dispose´s sur une file (1X2) et la re´partition
de la charge totale entre les boulons. Les assemblages ont e´te´ teste´s en double-plan de
cisaillement dont deux plaques d’acier exte´rieures et une plaque de PRFV centrale. L’axe
de chargement e´tait paralle`le a` la direction de pultrusion (α=0˚ ). Pour pre´venir la friction
entre les plaques, des rondelles d’acier ont e´te´ place´es entre les plaques d’acier de PRFV.
Le diame`tre de boulon en acier de 9.5 mm a e´te´ utilise´. Les ratios w/d et e/d ont e´te´ pris
a` 6 et p/d a` 10. Les re´sultats des tests ont montre´ que lorsque la rupture par ovalisation
excessive survient, la charge par boulon est e´gale a` la re´sistance de l’assemblage a` un
boulon. De plus, les auteurs notent que le pourcentage de distribution de charge entre
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les deux boulons est pratiquement e´gal lorsqu’on approche de la rupture du joint. A` un
de´placement de boulon relativement moindre, associe´ a` une faible charge, le premier boulon
de la plaque de PRFV supporte pratiquement toute la charge. Ils notent en outre qu’avant
la rupture de la connexion, le de´placement des boulons accroˆıt avec la capacite´ portante du
joint. Cependant, le pourcentage de distribution de la charge dans le premier boulon de la
plaque de PRFV est re´duit avec l’augmentation de la charge dans la connexion, attestant
ainsi de la nature non line´aire de la distribution de la charge dans la connexion.
Prabhakaran et al. (1996) ont rapporte´ 15 re´sultats expe´rimentaux des assemblages a` un
et plusieurs boulons. Les assemblages a` double-plan de cisaillement e´taient constitue´s de
deux plaques d’acier externes et une plaque de PRFV centrale. Les configurations e´tudie´es
e´taient : assemblage a` 2 boulons sur une file (1X2), 2 boulons sur une ligne (2X1), 4
boulons de 2 par files (2X2) syme´triques et 4 boulons de 2 par files de´cale´s (2X2)d. Pour
toutes ces configurations, le chargement e´tait paralle`le a` la direction de pultrusion. Le
diame`tre de boulon en acier de 15.9 mm a e´te´ utilise´. Le rapport w/d e´tait de 4.8 pour les
assemblages a` une file de boulons et de 9.6 pour ceux de deux files de boulons. Les ratios
e/d = 2.4 et p/d = 4.8 ont e´te´ conside´re´s. Puisque le but des auteurs e´tait de de´velopper
une approche de conception pour les assemblages boulonne´s des PRFV, le comportement
des assemblages n’a pas e´te´ aborde´ en particulier. Toutefois, les re´sultats expe´rimentaux
rapporte´s sugge`rent que, les assemblages a` 2 boulons sur une ligne (2X1) ont une charge a`
la rupture plus e´leve´e que celle dont les 2 boulons sont aligne´s sur une file (1X2). Ceci est
sans aucun doute duˆ a` la largeur des plaques deux fois plus grande dans les configurations
2X1. Une diffe´rence moyenne d’environ 8.7% a e´te´ mesure´e entre les deux configurations.
En outre, les assemblages a` quatre boulons oriente´s de manie`re syme´trique (2X2) ont une
charge a` la rupture plus e´leve´e que ceux dont les trous sont de´cale´s. De manie`re ge´ne´rale,
les assemblages dont les trous des boulons sont range´s dans une file connaissent une rupture
par section nette alors que les assemblages a` une ligne de plusieurs boulons subissent une
rupture par cisaillement ou clivage.
Hassan et al. (1997a) ont teste´ 115 assemblages multi-boulons en double-plan de cisaille-
ment constitue´s de deux plaques externes en PRFV pultrude´ et d’une plaque interne
d’acier. Cinq configurations diffe´rentes ont e´te´ teste´es : deux et trois boulons dispose´s sur
une file (1X2 et 1X3), deux et trois boulons sur une ligne (2X1 et 3X1) et quatre boulons
syme´triques ou de deux boulons sur deux files (2X2). Les auteurs ont fait varier w, e et
l’angle de pultrusion par rapport au chargement. Parmi les conclusions les plus impor-
tantes, les auteurs ont observe´ que la capacite´ du joint augmente avec l’augmentation du
ratio s/p jusqu’a` une valeur de 1.2. Au-dela` de ce ratio, aucune augmentation significative
de la capacite´ du joint n’a e´te´ mesure´e. Ils ont e´galement constate´ que le fait de doubler
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le nombre de boulons dans l’assemblage ne double pas automatiquement la capacite´ de
l’assemblage.
Oppe et Feldmann (2008) ont teste´ 70 assemblages boulonne´s charge´s en double-plan de
cisaillement. Les e´chantillons e´taient tous faits de PRFV pultrude´. Les assemblages a` un et
plusieurs boulons ont e´te´ re´alise´s. Les re´sultats des tests rapporte´s par les auteurs sugge`rent
que la rupture du joint par ovalisation excessive est atteinte a` des ratios de w/d et e/d
supe´rieurs a` 5. En dessous de ces ratios, la rupture par cisaillement ou par section nette
est observe´e. Ces essais leur ont permis, a` travers une e´valuation empirique, de proposer
des facteurs de se´curite´ pour les assemblages boulonne´s en PRFV.
2.4.2 Assemblages boulonne´s/colle´s
La plupart des e´tudes sur les assemblages colle´s ou boulonne´s/colle´s ont e´te´ re´alise´es pour
le profit de l’industrie ae´ronautique ou de l’automobile. On peut citer : Kelly (2006) qui a
e´tudie´ la re´sistance des assemblages hybrides en comparaison avec les assemblages simple-
ment colle´s et simplement boulonne´s pour l’application de l’automobile. Les assemblages
e´taient constitue´s de plaques en polyme`re renforce´ de fibre de carbone (PRFC) en simple-
plan de cisaillement. Deux types d’adhe´sif ont e´te´ utilise´s : l’adhe´sif polyure´thane avec un
faible module d’e´lasticite´, mais une grande capacite´ a` se de´former, l’adhe´sif e´poxyde avec
un module d’e´lasticite´ e´leve´, mais une faible de´formation. L’e´paisseur des stratifie´s e´tait de
1.6 et de 3.2 mm. La figure 2.7 pre´sente les re´sultats obtenus de l’analyse quasi-statique.
L’effet des proprie´te´s de la colle (adhe´sif) et la se´quence d’empilement stratifie´ sur le com-
portement de la structure et le mode rupture ont e´te´ de´termine´s expe´rimentalement. La
figure 2.7(a) pre´sente les re´sultats des assemblages des plaques a` faible e´paisseur (t=1.6
mm). Il peut eˆtre observe´ que la re´sistance ultime de l’assemblage hybride est d’environ
11% plus e´leve´e que celle de l’assemblage simplement colle´ et 5% plus e´leve´e que celle sim-
plement boulonne´. Lorsque les plaques sont plus e´paisses (figure 2.7b) la re´sistance ultime
de l’assemblage hybride est d’environ 22% plus e´leve´e que celle de l’assemblage simple-
ment colle´. L’auteur en de´duit que l’avantage des joints hybrides en termes de rigidite´ est
plus e´leve´ dans les plaques lamine´es a` grande e´paisseur. Les assemblages hybrides avec
des adhe´sifs a` module d’e´lasticite´ e´leve´ ne pre´sentent aucune ame´lioration significative de
la re´sistance (figure 2.7c). Une rupture par ovalisation excessive a e´te´ observe´e dans les
assemblages hybrides avec des plaques de 3.2 mm. Quant aux assemblages hybrides avec
t=1.6 mm, une rupture en section nette a e´te´ observe´e. L’auteur en de´duit que cette dif-
fe´rence est due au fait qu’a` la rupture de la colle, le niveau de chargement e´tait bien plus
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e´leve´ que ce que pouvait supporter l’assemblage boulonne´ a` lui tout seul, d’ou` une rupture
fragile.
Figure 2.7 – Comparaison assemblage simplement boulonne´, simplement colle´ et hybride
(a) adhe´sif polyure´thane t=1.6 mm, (b) adhe´sif polyure´thane t=3.1 mm, (c) adhe´sif
e´poxyde t=3.2 mm
(Kelly, 2006)
Kweon et al. (2006) ont mene´ une e´tude expe´rimentale sur le comportement des joints
colle´s, joints boulonne´s et joints hybrides dans les assemblages multi-mate´riaux aluminium-
PRFC. Leur objectif e´tait d’e´valuer la re´sistance de l’assemblage multi-mate´riaux a` double-
plan de cisaillement avec deux diffe´rents types d’adhe´sifs : l’e´poxyde FM73 et la paˆte
e´poxyde EA9364S. De cette e´tude, il apparaˆıt que la re´sistance des joints hybrides avec
l’adhe´sif e´poxyde FM73 est domine´e par la re´sistance de l’adhe´sif lui-meˆme alors que
celle de la paˆte EA9394S est principalement affecte´e par le joint boulonne´. Ils notent
par ailleurs que l’assemblage hybride est efficace lorsque le boulon est plus re´sistant que
l’adhe´sif. Cependant lorsque la re´sistance du joint par adhe´sif est supe´rieure a` celle du
joint me´canique, le boulon contribue tre`s peu a` la re´sistance du joint hybride.
Matsuzaki et al. (2008) ont compare´ les assemblages PRFV-aluminium a` simple-plan de
cisaillement avec et sans association de l’adhe´sif dans les assemblages boulonne´s pour l’ap-
plication marine (grand navire). Il est a` noter que les trous ne´cessaires pour le boulonnage
avaient e´te´ soigneusement mis en oeuvre avant le muˆrissement des plaques de FRPV de
manie`re a` e´viter la rupture des fibres de verre.(voir figure 2.8(a)). De plus, l’adhe´sif des
assemblages simplement colle´s ou hybrides avait e´galement e´te´ applique´ avant le muˆrisse-
ment des plaques de PRFV. Les re´sultats d’essais de fatigue ont permis de montrer que
les assemblages simplement boulonne´s subissent une rupture du boulon et une rupture par
e´crasement du joint conduisant a` un de´laminage et une rupture des fibres. Le nombre de
cycles induisant la rupture a e´te´ e´value´ a` 104 pour un niveau de contrainte de 3.5 MPa. En
ce qui concerne les assemblages boulonne´s associe´s a` l’adhe´sif, ils observent une rupture
dans l’adhe´sif par cisaillement, un de´laminage entre les plis du composite et une de´forma-
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tion du boulon, mais pas de cassure comme c’est le cas avec un assemblage simplement
boulonne´. Le nombre de cycles de chargement induisant la rupture de ce dernier cas a e´te´
e´value´ a` 105 pour un niveau de contrainte de 4.4 MPa. Les auteurs concluent que la re´sis-
tance e´leve´e en fatigue du joint dans le dernier cas est due a` la concentration de contraintes
moindre et au fait que les fibres de renfort n’aient pas subi de rupture. La figure 2.8(b)
ci-dessous pre´sente le diagramme contrainte-de´formation obtenu de cette e´tude.
Figure 2.8 – (a) Illustration de l’assemblage (b)Courbes contrainte-de´formation
(Matsuzaki et al., 2008)
Sadowski et al. (2011) ont effectue´ des e´tudes expe´rimentales et par e´le´ments finis de trois
types d’assemblage en double-plan de cisaillement : assemblage simplement rivete´, sim-
plement colle´ et rivete´/colle´ (hybride) pour le profit de l’industrie ae´ronautique. Le but
de leur e´tude e´tait d’analyser le dommage et le comportement a` la rupture des assem-
blages hybrides compose´s de : trois plaques d’aluminium (adhe´rents) en double-plan de
cisaillement, de la colle polyure´thane (deux couches de 40 x 40 mm) et renforce´ par cinq
rivets. Le programme ABAQUS a e´te´ utilise´ pour simuler la re´sistance a` la traction des
diffe´rents types d’assemblages. Suite a` cette e´tude, une bonne approximation des re´sultats
nume´riques compare´s aux essais expe´rimentaux a e´te´ observe´e. La figure 2.9 pre´sente les
re´sultats obtenus. De ces deux analyses, et tel que releve´ par les auteurs, il en ressort que
l’apport des rivets dans l’assemblage colle´ n’augmente que le´ge`rement la re´sistance a` la
traction, lorsque compare´e a` l’assemblage simplement colle´. Cependant, l’absorption de
l’e´nergie dans l’assemblage hybride e´tait approximativement e´gale a` la somme de l’e´nergie
absorbe´e par l’assemblage simplement rivete´ et simplement colle´.
Une des analyses publie´es pour l’application du ge´nie civil est celle de Hai et al. (2011).
Les auteurs ont publie´ les re´sultats d’analyse expe´rimentale des assemblages simplement
boulonne´s et boulonne´s/colle´s. Les plaques hybrides de composites e´taient constitue´es de
couches de verre et de couches de carbones. L’assemblage a` 6 boulons dispose´ en deux files
de trois boulons e´tait sollicite´ en double-plan de cisaillement avec deux plaques externes en
acier et la plaque centrale en composite. La figure 2.10 pre´sente les re´sultats comparatifs
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Figure 2.9 – Comparaison assemblage simplement rivete´, simplement colle´ et rivete´/colle´
(hybride)
(Sadowski et al., 2011)
de deux types d’assemblages. Les auteurs subdivisent les courbes charge-de´placement des
deux types d’assemblage en quatre phases de´limite´es par des droites non line´aire et identifie´
par des chiffres entre parentheses tel qu’indique´ sur la figure. La premie`re, de de´placement
nul est selon les auteurs, due au pre´-chargement du boulon. La force atteinte a` cette
phase est de 15 kN pour l’assemblage boulonne´. Dans le cas de l’assemblage hybride, la
contribution de la colle permet d’atteindre une valeur de 50 kN, soit plus de trois fois plus
e´leve´ que pour le joint boulonne´. La deuxie`me phase correspond au de´placement du boulon
dans la zone de pression diame´trale. Cette phase est caracte´rise´e par un de´placement de
l’ordre de 0.15 mm pour l’assemblage hybride et presque 1 mm pour l’assemblage boulonne´.
Les auteurs attribuent cette diffe´rence a` la pre´sence de la colle dans les trous survenus lors
du collage. Cette pre´sence a pour effet de re´duire le glissement dans le joint. La troisie`me
phase est marque´e par une ovalisation graduelle du trou de la plaque de composite avec un
de´collage local de la couche d’adhe´sif. Enfin la quatrie`me phase correspond a` la rupture
de l’e´chantillon. Les auteurs en concluent que la colle contribue a` une nette ame´lioration
de la re´sistance au glissement et a` la rigidite´ de l’assemblage.
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Figure 2.10 – Comparaison assemblage simplement boulonne´ et hybride
(Hai et al., 2011)
2.5 Recommandations de calcul des assemblages bou-
lonne´s
2.5.1 Assemblages en aluminium
Comme les me´canismes de rupture des joints boulonne´s sont semblables dans les me´taux,
le dimensionnement des assemblages en aluminium suit de pre`s celui de l’acier (Beaulieu,
2003; Bank, 2006). Les produits e´tant standardise´s, il existe des guides de conception
d’assemblages en acier et en aluminium. Ainsi, lorsque les assemblages boulonne´s sont
soumis aux efforts de traction, les normes CSA-S157 (2007) et ADM (2010) de´finissent la
re´sistance nominale a` la pression diame´trale d’un assemblage a` un boulon (Pbr) comme la
plus petite des e´quations 2.1 et 2.2.
Pbr = e.t.Fu (2.1)
Pbr = 2.d.t.Fu (2.2)
Fu est la re´sistance ultime de l’aluminium. Les autres parame`tres ge´ome´triques ont e´te´
de´finis a` la section 2.3.1.2 et sont repre´sente´s sur la figure 2.4.
Dans EC9 (1999), des facteurs relie´s aux parame`tres ge´ome´triques de l’assemblage e, s, p et
g sont pris en compte dans l’e´quation de re´sistance a` la pression diame´trale. Pour pre´venir
la rupture par ovalisation excessive, EC9 (1999) recommande que la pince transversale ne
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doive pas eˆtre infe´rieure a` 1.5dh et le pas transversal a` 3dh. La re´sistance nominale a` la
pression diame´trale est donne´e par :
Pbr = αb.k1.d.t.Fu (2.3)
ou` :
αb =


αd,
Fub/Fu
1
avec
αd =
e
3dh
pour boulons d’extre´mite´
αd =
p
3dh
− 0.25 pour boulons inte´rieurs
et
k1 = min
{
2.8 s
dh
− 1.7,
2.5
pour boulons de rive
k1 = min
{
1.4 g
dh
− 1.7,
2.5
pour boulons inte´rieurs
Fub est la re´sistance ultime du boulon.
Certains auteurs tels que Zhang et al. (2006), Sharp (1993) et Menzemer et al. (2002) ont
de´veloppe´ des e´quations de pre´diction de re´sistance nominale de la pression diame´trale tel
que pre´sente´ respectivement par les e´quations 2.4, 2.5, 2.6.
Pbr = (0.85e/dh + 0.5) d.t.Fu (2.4)
Pbr = (0.6e/dh + 0.9) d.t.Fu (2.5)
Pbr = 1.2 (e/d− 0.5) d.t.Fu (2.6)
Lorsque la rupture pre´dite est en section nette, les trois guides de conception CSA-S157
(2007), ADM (2010) et EC9 (1999) recommandent la re´sistance Pt comme pre´sente´e dans
l’e´quation 2.7.
Pt = (w − n.dh) t.Fu (2.7)
Dans la norme de conception CSA-S157 (2007) la re´sistance en traction et cisaillement
combine´ aussi appele´ de´chirement en cisaillement est de´finie comme la somme de la re´-
sistance en traction agissant sur la section nette et la re´sistance en cisaillement agissant
sur la surface de cisaillement. Pour des conside´rations de conception, CSA-S157 (2007)
recommande de prendre la re´sistance nominale en traction et en cisaillement combine´s
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(Pbs) comme la petite valeur des e´quations 2.8 et 2.9.
Pbs = [(n− 1).(g − dh) + (m− 1).(p− dh) + e].t.Fu (2.8)
Pbs = 2.N.d.t.Fu (2.9)
Avec la norme de conception EC9 (1999), la re´sistance en traction et en cisaillement
combine´s est de´finie comme la somme de la re´sistance ultime agissant sur la ligne de
rupture en tension et le cisaillement e´lastique agissant sur la section nette cisaille´e. La
re´sistance nominale en traction et cisaillement combine´s est donne´e par la relation :
Pbs = Ant.Fu + 0.58Anv.Fy (2.10)
Avec Ant la section nette, Anv la section nette cisaille´e et Fy re´sistance plastique de l’alu-
minium.
ADM (2010) propose deux e´quations pour la re´sistance en traction et en cisaillement
combine´s. La premie`re suppose que la traction agit sur la section nette et le cisaillement la
section brute cisaille´e lorsque la re´sistance ultime en traction nette est plus grande ou e´gale
a` la re´sistance en cisaillement brute (e´quation 2.11). Dans le cas contraire, la re´sistance
en traction et en cisaillement combine´s est la somme de la re´sistance brute e´lastique en
traction et la re´sistance ultime sur la surface nette cisaille´e (e´quation 2.12).
Pbs = Ant.Fu + 0.6Agv.Fy lorsque Ant.Fu ≥ 0.6Anv.Fu (2.11)
Pbs = Agt.Fy + 0.6AnvFu lorsque Ant.Fu < 0.6Anv.Fu (2.12)
Avec Agt la section brute et Agv la section brute cisaille´e.
Dans CSA-S157 (2007), ADM (2010) et EC9 (1999), il n’y a pas de recommandation spe´ci-
fique de la re´sistance nominale au cisaillement (Psh). Ceci est probablement duˆ au fait que
la rupture en cisaillement est incluse dans le mode de rupture par traction et cisaillement
combine´s de la connexion.
Pour les assemblages a` plusieurs lignes de boulons, l’hypothe`se ge´ne´ralement admise est
celle d’une re´partition uniforme des efforts entre chaque ligne de boulon(s). Lorsque la
distance Lj entre les axes des fixations extreˆmes d’un assemblage, mesure´e dans la direction
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des efforts est supe´rieure a` 15d (voir figure 2.11), il est recommande´ de re´duire la re´sistance
de calcul au cisaillement Psh de toutes les fixations en la multipliant par un coefficient
re´ducteur βLf (Beaulieu et al., 2003; Beaulieu, 2003; Kulak, 2006). Pour les assemblages
en aluminium, le nombre de lignes de boulons est limite´ a` 6 (Beaulieu, 2003).
Figure 2.11 – longueur cisaille´e Lj
(Beaulieu, 2003)
βLf = 1−
Lj−15d
200
mais 0.75 ≤ βLf ≤ 1 (2.13)
2.5.2 Assemblages en mate´riaux composites (PRFV)
Les e´quations de calcul de re´sistances nominales des assemblages boulonne´s recommande´s
par les ouvrages de conception tels que Chen et Lui (2005) et Bank (2006) sont assez
similaires a` celles des assemblages en acier selon les normes nord-ame´ricaines. Ainsi, les
e´quations de re´sistances nominales en section nette, en cisaillement et a` la pression diame´-
trale sont de´finies comme pre´sente´es respectivement aux e´quations 2.14, 2.15, 2.16, 2.17.
On remarque qu’aucun parame`tre lie´ au comportement orthotropique du mate´riau n’est
pris en compte.
Pt ≤ FLt/T l(w − ndh).t (2.14)
Psh ≤ 2.e.t.Fsh pour une ligne de boulon (2.15)
Psh ≤ 2.s.t.Fsh pour plusieurs lignes de boulons (2.16)
Pbr ≤ db.t.Fbr (2.17)
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FLt/T t est soit la re´sistance ultime dans la direction longitudinale de pultrusion (Lt) ou la
re´sistance ultime dans la direction transversale a` la pultrusion (Tt). Fsh, Pt, Psh et Pbr sont
tel que de´fini dans la section 2.5.1.
CNR-DT-205 (2008) de´finit e´galement les e´quations de re´sistance nominale des assem-
blages boulonne´s tel que recommande´ par la norme europe´enne des assemblages en acier.
Ainsi, les e´quations de re´sistances nominales en section nette, en cisaillement et en pression
diame´trale sont de´finies comme pre´sente´ respectivement aux e´quations 2.18, 2.19, 2.20 .
Pt ≤
1
γrd
.FLt/T l(w − ndh).t (2.18)
Psh ≤ 2.(e− d).t.Fsh (2.19)
Pbr ≤ db.t.Fbr (2.20)
La me´thode simplifie´e de calcul de re´sistance pre´sente´e dans EUROCOMP (Clarke, 1996),
base´e sur le diagramme de corps libre de l’assemblage boulonne´, tient en conside´ration
le facteur (Lbr) de distribution de la charge dans chaque boulon (voir tableau 2.6) et du
facteur de distribution de contrainte a` diffe´rentes positions du trou. Une connaissance du
facteur de distribution des contraintes dans l’assemblage est ne´cessaire pour l’e´valuation
de la re´sistance du boulon. Les abaques de dimensionnement permettant d’e´valuer ces
facteurs pour des mate´riaux composites spe´cifiques et des parame`tres ge´ome´triques pre´cis
sont fournis dans le manuel. Cependant, pour des largeurs de joints diffe´rentes de celle
des abaques, des coefficients de corrections sont propose´s. Base´ sur l’exemple d’un assem-
blage boulonne´ a` quatre boulons contenu dans le manuel, les re´sistances en section nette
(e´quation 2.21), pression diame´trale (e´quation 2.22) et cisaillement (e´quation 2.23) des
assemblages a` plusieurs lignes de boulons sont de´finies comme suit :
Pt =
[
Lbrk
1
t
ndht
+
(1− Lbr) .k
3
t
wt
]
−1
.F(Lt/T t) (2.21)
Pbr =
n.dh.t
(1− Lbr) .k1r
Fbr (2.22)
Psh =
[
−
Lbrk
1
s
ndht
+
(1− Lbr) .k
3
s
wt
]
−1
.Fsh (2.23)
2. Revue de litte´rature 36
(k1t , k
3
t ), (k
1
r , k
3
r), (k
1
s , k
3
s) sont respectivement des facteurs de concentration de contraintes
en traction, pression diame´trale et cisaillement des assemblages sollicite´s en traction. Les
indices 1 et 3 repre´sentent respectivement le cas de chargement d’un trou situe´ a` l’extre´mite´
du bord libre (cas 1) et le trou a` l’inte´rieur de l’assemblage le plus proche du chargement
ou premie`re ligne (cas 3). Pour plus d’informations sur ces facteurs et l’approche de calcul,
le lecteur est invite´ a` se re´fe´rer a` EUROCOMP (Clarke, 1996).
Tableau 2.6 – Rapport de distribution de la force dans les
boulons selon EUROCOMP (Clarke, 1996)
Nombre de Type ligne 1 ligne 2 ligne 3 ligne 4
ligne d’assemblage
1 PRF-PRF 1
PRF-Me´tal 1
2 PRF-PRF 1 1
PRF-Me´tal 1.15 0.85
3 PRF-PRF 1.1 0.8 1.1
PRF-Me´tal 1.5 0.85 0.65
4 PRF-PRF 1.2 0.8 0.8 1.2
PRF-Me´tal 1.7 1 0.7 0.6
> 4 Pas recommande´
Dans son chapitre 8, l’ouvrage Pre-standard for Load and Resistance Factor Design (LRFD)
of Pultruded Fiber Reinforced Polymer (FRP) Structures (ASCE-Pre-Standard, 2010) pre´-
sente les recommandations de calcul de re´sistance aux e´tats limites ultimes des assemblages
boulonne´s. La plupart des e´quations propose´es sont base´es sur les travaux rapporte´s par
Rosner et Rizkalla (1995b); Prabhakaran et al. (1996); Mottram (2010).
Prabhakaran et al. (1996) sont compte´s parmi les pre´curseurs a` de´velopper une approche
de calcul propre aux mate´riaux composites en PRFV. Des e´tudes expe´rimentales qu’ils
ont effectue´es, ils ont e´value´ l’efficacite´ de re´sistance en section nette et en traction et
cisaillement combine´s des assemblages concentriques et excentriques. Ainsi, le calcul de la
re´sistance en section nette est de´fini par l’e´quation 2.24. Pour le calcul de la re´sistance en
traction et cisaillement combine´s, la re´sistance est donne´e par l’e´quation 2.25
Pt = Φ.(w − ndh).tFLt avec Φ = 0.5 (2.24)
Pbs = Φ.(FshAnv + FLtAnt) avec Φ = 0.5 (2.25)
2. Revue de litte´rature 37
L’e´quation 2.25 a e´te´ reprise dans (ASCE-Pre-Standard, 2010) pour les assemblages concen-
triques essentiellement.
Rosner et Rizkalla (1995b) et Mottram (2010) ont quant a` eux exploite´ la me´thode semi-
empirique d’e´valuation de l’efficacite´ de´veloppe´e par Hart-Smith (1980). Hart-Smith (1980)
a e´value´ l’efficacite´ lie´e a` diffe´rents modes de rupture des assemblages boulonne´s. A` partir
des re´sultats expe´rimentaux et the´oriques, l’auteur sugge`re que lorsque l’assemblage est
sujet a` une rupture par ovalisation excessive, la re´sistance a` la pression diame´trale est
de´finie par :
Pbr =
F br
FLt
d
dh
dh
w
.t.w.FLt (2.26)
Rosner et Rizkalla (1995b) et ASCE-Pre-Standard (2010) ont repris cette analogie pour
le cas particulier des assemblages de PRFV a` un boulon. Mais, sur la base de re´sultats
reporte´s par Rosner et Rizkalla (1995b), cette re´sistance n’est applicable que lorsque la
largeur du joint n’est pas critique a` une rupture fragile et que la pince longitudinale est
au moins e´gale a` 5d (e ≥ 5d).
Pour les assemblages dont e < 5d et sujets a` une rupture par clivage, Rosner et Rizkalla
(1995b) ont propose´ l’e´quation suivante :
Pcl =
F br
FLt
d
dh
(
10
9
−
5
9
dh
e
)2
dh
w
.t.w.FLt (2.27)
Cette meˆme e´quation se retrouve dans ASCE-Pre-Standard (2010) pour les assemblages a`
un boulon. Seulement, ASCE-Pre-Standard (2010) pre´cise que la re´sistance a` la rupture
par clivage doit eˆtre e´gale a` la plus petite valeur des e´quations 2.27 et 2.28. L’e´quation
2.28 n’est rien d’autre que la somme de la re´sistance en section nette et la re´sistance en
cisaillement de l’assemblage a` laquelle est affecte´ un facteur de re´duction e´gal a` 0.15.
Pcl = 0.15.[(2.s− dh).FLt + 2.e.Fsh].t (2.28)
Pour les assemblages a` plusieurs boulons sur une ligne, ASCE-Pre-Standard (2010) recom-
mande que la re´sistance au clivage avec un nombre maximum de 3 boulons sur la ligne
soit prise comme suit :
Pcl = 0.15.[(s+ 0.5.g − dh).FLt + 2.e.Fsh].t (2.29)
Aucune recommandation de re´sistance en clivage n’est faite dans ASCE-Pre-Standard
(2010) lorsque l’assemblage a plusieurs lignes de boulons.
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Dans le cas de rupture en section nette, Hart-Smith (1980) a e´tabli cette re´sistance en re-
lation avec un facteur de concentration de contrainte (Kte) des assemblages boulonne´s des
mate´riaux isotropes. Pour les mate´riaux orthotropique, Hart-Smith (1980) a introduit un
facteur de corre´lation C base´ sur des re´sultats semi-empiriques des assemblages en mate´-
riaux quasi-isotropes. Ce coefficient lie les mate´riaux isotropes aux mate´riaux composites.
A` la suite de ces travaux, l’e´quation de re´sistance en section nette telle que propose´e par
Hart-Smith (1980) est :
Pt =
[
C
(
w
dh
− 1.5
(
w
dh
−1
)
(
w
dh
+1
)θ
)
+ 1
]
−1
. (w − dh) .t.F(Lt/T t) avec θ = 1.5− 0.5/(e/w)
(2.30)
Pour les mate´riaux composites en PRFV pultrude´s, Rosner et Rizkalla (1995a) ont utilise´
l’e´quation 2.30 pour mesurer le facteur d’ajustement (C) des assemblages a` un boulon
(1X1). Suite aux travaux de Rosner et Rizkalla (1995b), Hassan et al. (1997b) a utilise´
la meˆme e´quation pour mesurer les valeurs de C dans les assemblages a` deux boulons
sur une file(1X2) et trois boulons sur une file(1X3). Pour les assemblages a` plusieurs files
de boulons (2X1, 3X1, 2X2), Hassan et al. (1997b) ont modifie´ l’e´quation de facteur de
concentration de contrainte de´veloppe´ par Hart-Smith (1980) pour de´velopper la re´sistance
en section nette tel que formule´ dans l’e´quation 2.31.
Pt =
[
C
((
1−
(
ndh
w
)2)2.41
+
(
w
ndh
− 1
)
− 1.5
(
w
ndh
−1
)
(
w
ndh
+1
)θ
)
+ 1
]
−1 (
1− ndh
w
)
.w.t.F(Lt/T t)
(2.31)
avec θ = 1.5− 0.5/(e/w)
Le tableau 2.7 pre´sente les coefficients d’ajustements mesure´s par Rosner et Rizkalla
(1995b) et Hassan et al. (1997b). Il peut eˆtre observe´ que la valeur de C est fonction
du nombre de boulons, de l’orientation de la pultrusion par rapport a` l’axe de chargement,
et de l’arrangement des boulons dans l’assemblage.
Hassan et al. (1997b) sugge`rent que l’efficacite´ de la re´sistance des joints qui subissent
une rupture par clivage est le produit de l’efficacite´ de la re´sistance en section nette et
d’une expression quadratique de´pendante du ratio de la pince longitudinale au diame`tre
du boulon (e/d). Dans le cas des assemblages a` plusieurs lignes de boulons, les auteurs
affirment que cette expression quadratique doit eˆtre re´duite a` sa racine carre´e puisque le
ratio e/d a peu d’effet sur la re´sistance totale du joint. Ainsi, la re´sistance par clivage est
donne´e par les e´quations 2.32 et 2.33. La rupture en section nette a e´te´ observe´e pour les
assemblages a` plusieurs lignes et plusieurs files de boulons donc l’efficacite´ en clivage n’a
pas e´te´ e´value´e pour ce type de configuration.
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Tableau 2.7 – Coefficient d’ajustement (C) utilise´ par
Rosner et Rizkalla (1995b) et Hassan et al. (1997b)
Orientation
des
fibres
principales
Configuration des joints
(1X1) (1X2) (2X1) (1X3) (3X1) (2X2)
0˚ 0.33 0.22 0.40 0.16 0.50 0.30
45˚ 0.21 0.15 0.30 - - -
90˚ 0.25 0.15 0.35 0.11 0.36 0.20
Pour les assemblages avec les boulons dispose´s sur une ligne,
Pcl =
[
C
((
1−
(
ndh
w
)2)2.41
+
(
w
ndh
− 1
)
− 1.5
(
w
ndh
−1
)
(
w
ndh
+1
)θ
)
+ 1
]
−1
.
(
6
5
− 3
5
d
e
)2
×
(
1− ndh
w
)
.w.t.F(Lt)
(2.32)
avec θ = 1.5− 0.5/(ne/w)
Pour les assemblages avec les boulons dispose´s sur une file,
Pcl =

C

 w
dh
− 1.5
(
w
dh
− 1
)
(
w
dh
+ 1
)θ

+ 1


−1
.
(
1−
ndh
w
)
.
(
6
5
−
3
5
dh
e
)
.w.t.F(Lt) (2.33)
avec θ = 1.5− 0.5/(e/w)
Les travaux de Hassan et al. (1997b) ont e´te´ critique´s par Mottram (2010). Ce dernier
affirme que Hassan et al. (1997b) n’ont pas pris en compte le facteur de distribution de
charge (Lbr) dans le cas des assemblages a` plusieurs lignes de boulons, faisant ainsi appli-
cation incomple`te de la formulation de Hart-Smith (1980). Il sugge`re en guise de correction
de la re´sistance en section nette de´veloppe´e par Hassan et al. (1997b), et sur la base des
travaux de Hart-Smith (1980), de combiner l’effet de la concentration des contraintes due
a` la pression diame´trale et celle due a` la composante de de´rivation (bypass load). Il a
donc exprime´ la re´sistance des assemblages a` plusieurs lignes de boulons comme pre´sente´s
par l’e´quation 2.34 pour le cas particulier des assemblages a` plusieurs lignes de boulons.
Pour le cas des assemblages a` une seule ligne de boulons, Mottram (2010) recommande
la formulation de Rosner et Rizkalla (1995b) pour l’e´valuation de la re´sistance en section
nette passant par un trou. L’auteur sugge`re que les valeurs de coefficient d’ajustement
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(CLt et CT l) pour les trous charge´s (de boulon) peuvent eˆtre prises comme rapporte´es
par Rosner et Rizkalla (1995b) pour les assemblages a` un boulon. Quant aux coefficients
d’ajustement pour les trous ouverts (Cop), Mottram (2010) l’a mesure´ a` partir des re´sultats
reporte´s par Turvey et Wang (2003). Ces coefficients ont quelque peu e´te´ modifie´s dans
ASCE-Pre-Standard (2010) comme pre´sente´ dans le tableau 2.8 dans le but d’obtenir une
plus grande marge de se´curite´. Les valeurs de Lbr selon (ASCE-Pre-Standard, 2010) sont
contenues dans le tableau 2.9. Cet ouvrage recommande de ne pas aller au-dela` de 3 files
et/ou lignes de boulons.
Pt =


(
1
( wnd−1)
(
1 + CLt/T t
(
Spr − 1.5
Spr−1
Spr+1
θ
))
Lbr
w
nd
)
+
(
[1+Cop,(LT/Tt)(1+(1−1/Spr)3)](1−Lbr)
1−n
dh
w
)


−1
w.t.F(Lt/T t) (2.34)
avec θ = 1.5 − 0.5/(e/w), Spr = w/d pour connexion a` une file de boulons et Spr = g/d
pour connexion a` plusieurs files de boulons.
Tableau 2.8 – Coefficient d’ajustement utilise´ par
Mottram (2010) et ASCE-Pre-Standard (2010)
Valeur mesure´e Valeur recommande´e
expe´rimentale ASCE-Pre-Standard (2010)
Mottram (2010) Profile´ Plaque
Cop,Lt 0.37 0.5 0.4
CopT t 0.14
CLt 0.33 0.5 0.4
CTt 0.25
Tableau 2.9 – Rapport de distribution de la force
dans les boulons (Lbr) selon ASCE-Pre-Standard
(2010)
Nombre de Type ligne 1 ligne 2 ligne 3
ligne d’assemblage
2 PRF-PRF 0.5 0.5
PRF-acier 0.6 0.4
3 PRF-PRF 0.4 0.2 0.4
PRF-acier 0.5 0.3 0.2
2. Revue de litte´rature 41
En ce qui concerne la re´sistance en cisaillement, seul ASCE-Pre-Standard (2010) propose
des e´quations spe´cialement adapte´es aux assemblages boulonne´s en PRFV. Dans ce ma-
nuel, il est sugge´re´ de prendre la re´sistance au cisaillement comme suit : Pour un assemblage
d’une ligne de boulons, la re´sistance par boulon est de´finie par :
Psh = 1.4.(e−
dh
2
).t.Fsh (2.35)
Pour un assemblage de deux lignes de boulons, la re´sistance au cisaillement par ligne de
boulons est de´finie par :
Psh = 1.4.(e−
dh
2
+ p).t.Fsh (2.36)
Pour un assemblage de trois lignes de boulons, la re´sistance au cisaillement par ligne de
boulons est de´finie par :
Psh = 1.4.[(n− 1).p).t.Fsh (2.37)
2.6 Synthe`se de la revue de litte´rature
La pre´sente section a permis de pre´senter les proprie´te´s physiques des diffe´rents mate´riaux
(acier, aluminium, PRFV) et les types d’assemblage des diffe´rents mate´riaux. Par la suite,
l’e´tat de l’art des assemblages multi-mate´riaux a e´te´ pre´sente´. Dans cette partie, un nombre
important de parame`tres caracte´risant la configuration des joints boulonne´s avec ou sans
association de la colle ont e´te´ conside´re´s par diffe´rents auteurs. Ces parame`tres sont :
la pince, la largeur du joint, l’e´paisseur des plaques, le type et l’orientation des fibres
principales par rapport au chargement, l’espacement entre les boulons, le diame`tre du
boulon, la pression de serrage du boulon, le type d’adhe´sif, la rigidite´ de l’assemblage,
le mode d’assemblage (assemblage a` simple plan ou double plans de cisaillement). Enfin,
les me´thodes de dimensionnement des assemblages boulonne´s suivant les re´fe´rences de
conception disponibles et des articles publie´s ont e´te´ pre´sente´es.
De la revue de litte´rature, il apparaˆıt que bien que plusieurs auteurs aient conside´re´ les
parame`tres ci-dessus e´nume´re´s, leurs e´tudes sur les assemblages boulonne´s ou boulon-
ne´es/colle´s sont toutefois axe´es sur des aspects diffe´rents.
Pour les assemblages simplement boulonne´s acier-PRFV, les e´tudes de Abd-El-Naby et
Hollaway (1993a) par exemple ont porte´ sur l’effet des rondelles et plaques de protection sur
la capacite´ des assemblages alors que Erki (1995) a plutoˆt axe´ ses recherches sur l’effet de
diffe´rents types de connecteurs (boulon) sur la re´sistance des assemblages. Il est toutefois a`
noter que plusieurs auteurs ont e´value´ l’effet des parame`tres ge´ome´triques tels que la pince
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longitudinale et la largeur du joint sur la re´sistance et le mode de rupture des assemblages.
Cependant les conclusions sont quelque peu diffe´rentes. Les e´tudes mene´es par Rosner et
Rizkalla (1995a); Hassan et al. (1997a) permettent de de´finir la pince longitudinale et la
largeur optimale associe´es a` une rupture par ovalisation excessive d’un assemblage a` un
boulon a` 5d. Alors que les e´tudes mene´es par Cooper et Turvey (1995) de´montrent que ces
parame`tres optimaux varient avec la pression de serrage du boulon et peuvent eˆtre pris
respectivement a` 4d et 3d pour la pince longitudinale et la largeur du joint. Quant aux
e´tudes de Wang (2002), il apparaˆıt que sur des plaques de faible e´paisseur (t < 3 mm),
une rupture par ovalisation excessive peut eˆtre atteinte a` un ratio de e/d=1.5. De plus
les parame`tres ge´ome´triques recommande´s dans les ouvrages de re´fe´rence ne s’accordent
pas. Des e´tudes supple´mentaires sur les parame`tres ge´ome´triques permettant d’optimiser
la re´sistance de l’assemblage sont donc ne´cessaires.
Les e´tudes sur les assemblages simplement boulonne´s aluminium-acier ou simplement en
aluminium trouve´ en litte´rature ont eux aussi e´te´ aborde´s sous des axes diffe´rents. Bien
que les recherches de Kim et al. (2012b) et Menzemer et al. (1999) ont porte´ sur des
assemblages multi-boulons connaissant une rupture par bloc de cisaillement, Kim et al.
(2012b) se sont plutoˆt inte´resse´s a` l’effet de la de´formation hors-plan dans les assemblages
a` simple plan de cisaillement alors que Menzemer et al. (1999) ont plutoˆt e´value´ l’effet de
la longueur de la connexion sur la re´sistance de l’assemblage en double plans de cisaille-
ment. Les informations recueillies ne permettent pas de de´finir de manie`re satisfaisante les
configurations optimales des assemblages en aluminium. De plus, la plupart les configura-
tions ge´ome´triques de ces e´tudes ne correspondent pas a` ceux qui seraient utilise´es dans
le domaine du ge´nie civil. Les ouvrages de re´fe´rence prescrivent les parame`tres ge´ome´-
triques minimums et maximums des assemblages en aluminium. Il reste donc a` identifier
les parame`tres optimums pour lesquels il n’y a plus d’accroissement de la re´sistance.
Pour les assemblages boulonne´s/colle´s, la plupart des auteurs cite´s de´crivent la meˆme se´-
quence de rupture de ce type d’assemblage. Ils concluent que le boulon prend une part
active dans la re´sistance de l’assemblage seulement apre`s que la colle ait rompu. Dans cer-
tain cas, un le´ger accroissement de la charge maximale de l’assemblage hybride compare´ a`
l’assemblage simplement boulonne´ ou simplement colle´ a e´te´ observe´. Cependant, l’ajout
de la colle dans l’assemblage boulonne´ semble ne pas ame´liorer le mode de rupture de
l’assemblage, car apre`s la rupture de la colle, le comportement du joint hybride est simi-
laire a` celui d’un assemblage simplement boulonne´. Dans le cas spe´cifique des mate´riaux
composites, les plaques utilise´es sont soit des PRFC, soit des plaques lamine´es hybrides en
fibre de carbone et de verre. Les quelques essais reporte´s sur les plaques de PRFV ne sont
pas assemble´s de manie`re conventionnelle. Peu d’e´tudes sont reporte´es sur les assemblages
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boulonne´s/colle´s en aluminium. Il est donc ne´cessaire d’effectuer davantage d’e´tudes expe´-
rimentales pour comprendre le comportement des assemblages boulonne´s/colle´s. L’inte´reˆt
e´tant d’e´valuer si l’ajout de la colle a` l’assemblage boulonne´ ame´liorerait la re´sistance ou
le mode de rupture des connexions aluminium-acier ou PRFV-acier.
Une e´valuation des e´quations de dimensionnement des assemblages boulonne´s aux e´tats li-
mites ultimes permet de constater que malgre´ l’avancement des recherches sur l’e´valuation
de la re´sistance et l’efficacite´ des joints en PRFV, plusieurs re´fe´rences de conception qui se
disent adapte´es aux mate´riaux pultrude´s en PRFV, continuent de proposer des me´thodes
de calcul propres aux mate´riaux isotropes (CNR-DT-205, 2008; Bank, 2006; Chen et Lui,
2005). De plus certains auteurs semblent ne pas s’accorder aux diffe´rentes approches de
dimensionnement (Hassan et al., 1997b; Mottram, 2010). Quant aux assemblages en alumi-
nium, ils sont tre`s similaires a` ceux recommande´s pour l’acier. Il convient donc d’effectuer
une analyse critique de ces e´quations et si ne´cessaire les ame´liorer.
Sur la base de cette revue bibliographique, les points suivants ne´cessaires a` la conception
d’un assemblage optimum me´ritent d’eˆtre e´tudie´s :
– identifier les parame`tres ge´ome´triques optimums des assemblages multi-mate´riaux
aluminium-acier et PRFV-acier qui permettent de maximiser sa re´sistance ;
– effectuer une analyse critique des e´quations des re´sistances des assemblages boulonne´s
en aluminium et PRFV recommande´s dans les ouvrages de conception ;
– de´velopper des e´quations de re´sistance des assemblages boulonne´s multi-mate´riaux
aluminium-acier et PRFV-acier qui pourraient aussi bien eˆtre applique´es aux assem-
blages mono-mate´riaux en aluminium ou en PRFV ;
– e´valuer la contribution de la colle dans les assemblages boulonne´s/colle´s aluminium-acier
et PRFV-acier.
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Chapitre 3
De´finition du projet de recherche
3.1 Mise en contexte
Un aspect critique a` conside´rer pour l’utilisation optimale de l’aluminium ou des PRFV
dans les structures de pont transportables ferroviaires est le comportement des assemblages
aluminium-acier et PRFV-acier. En effet, l’utilisation se´curitaire demande de re´aliser des
assemblages boulonne´s avec l’acier de fac¸on a` obtenir une re´sistance suffisante et un com-
portement structural pre´visible. D’autre part, le concepteur doit optimiser la configuration
ge´ome´trique de ces assemblages pour s’assurer que l’utilisation de ces mate´riaux est e´cono-
mique et que la diminution de poids qui en re´sulte est appre´ciable. La revue de litte´rature
du chapitre pre´ce´dent a apporte´ un e´clairage sur le comportement des assemblages bou-
lonne´s et boulonne´es/colle´s en aluminium ou en mate´riaux composite dont les PRFV,
bien qu’e´tant axe´e sur des aspects diffe´rents. La section 2.6 pre´sente quelques-unes des
disparite´s releve´es. On note par ailleurs que les re´sultats obtenus de ces e´tudes ne per-
mettent pas de de´finir les valeurs des parame`tres ge´ome´triques des assemblages boulonne´s
au-dela` desquels il n’y a plus accroissement significatif de la re´sistance de la connexion.
Ces parame`tres ge´ome´triques sont : la pince longitudinale (e) et transversale (s), l’e´pais-
seur des plaques (t), le pas longitudinal (p) et transversal (g). Les normes et ouvrages
de conceptions recommandent des valeurs minimuales de ces parame`tres pour une bonne
manoeuvrabilite´ du serrage et pour contrer les ruptures fragiles. Toutefois, a` partir des
re´sultats expe´rimentaux publie´s on peut constater que les recommandations faites par les
ouvrages de re´fe´rence ne garantissent pas la re´sistance optimale de la connexion. D’ou`
pour nous la ne´cessite´ d’e´valuer les parame`tres optimums. Ces parame`tres optimums sont
les valeurs pour lesquelles il n’y a plus d’accroissement significatif de la re´sistance de la
connexion ou pour lesquelles ont atteint la rupture par cisaillement du boulon. Quelques
disparite´s sur les e´quations de calcul de re´sistances des assemblages boulonne´s propose´s
par les ouvrages de re´fe´rence ont e´galement e´te´ note´es. Il convient donc d’effectuer une
analyse critique de ces e´quations et si ne´cessaire les ame´liorer. Il ressort des e´tudes sur
les assemblages boulonne´s/colle´s que la plupart des auteurs s’entendent sur la se´quence
de rupture, la contribution de la colle ou du boulon dans les connexions hybrides. Cepen-
dant, dans le cas spe´cifique des mate´riaux composites, ces e´tudes visaient des applications
diffe´rentes (ae´ronautique, automobile, maritime) par conse´quent les mate´riaux composites
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utilise´s e´taient spe´cifiques a` ces applications. Peu d’e´tudes ont porte´ sur les assemblages
boulonne´s/colle´s en aluminium. Aussi de tels essais sur les assemblages aluminium-acier
ou PRFV-acier permettraient non seulement d’e´largir la base de donne´es scientifique, mais
encore d’e´valuer la contribution de la colle dans ce type d’assemblages.
Outre les limites ci-dessus releve´es, la revue de litte´rature a apporte´ des informations im-
portantes sur certains parame`tres des assemblages boulonne´s. On note par exemple que la
re´sistance de la connexion pourrait eˆtre ame´liore´e si les plaques de protection plus larges
que les rondelles nominales de protection e´taient utilise´es. Cependant, nous avons de´cide´
de nous limiter aux configurations typiques rencontre´es dans les structures du ge´nie civil.
Aussi, seul le cas des connexions avec rondelles standards de protection sera traite´ ici.
On note e´galement dans le cas spe´cifique des PRFV pultrude´s que l’orientation des fibres
principales par rapport au chargement a` un effet important sur la re´sistance de l’assem-
blage. La re´sistance maximale est atteinte lorsque l’angle de pultrusion est paralle`le au
chargement. Par conse´quent, seul cet angle de chargement sera utilise´ pour l’identification
des parame`tres optimum. La revue de litte´rature re´ve`le e´galement que la re´sistance de la
connexion pourrait eˆtre ame´liore´e lorsque la pression de serrage est optimale. Cette pres-
sion de serrage est fonction des mate´riaux assemble´s et ne devrait induire aucun dommage
aux e´le´ments assemble´s. Cependant, dans cette e´tude, nous conside´rons une pression de
serrage minimale (connexion de type bearing) pour l’identification des parame`tres ge´o-
me´triques optimums e´tant entendu que les structures de ponts sont tre`s susceptibles aux
effets cycliques (vibrations) qui peuvent tre`s rapidement alte´rer la pression de serrage des
membrures assemble´es. On note enfin que la plupart des e´tudes publie´es sont reporte´s
pour des assemblages en double-plan de cisaillement. Les configurations que nous teste-
rons seront en simple-plan de cisaillement bien qu’un nombre tre`s limite´ de configurations
en double-plan de cisaillement sera teste´ en vue d’e´valuer l’effet de la de´formation hors
plan sur le comportement de l’assemblage boulonne´.
3.2 Objectifs
L’objectif principal de ce projet de recherche est d’analyser le comportement statique des
assemblages boulonne´s et boulonne´s/colle´s multi-mate´riaux aluminium-acier et PRFV-
acier et d’optimiser les proce´dures de dimensionnement de ces assemblages. Pour re´pondre
aux situations releve´es dans la section 3.1, les objectifs spe´cifiques du projet sont les
suivants :
3. De´finition du projet de recherche 47
1. identifier les parame`tres ge´ome´triques optimums tels que l’e´paisseur, les pinces longi-
tudinale et transversale et les pas longitudinal et transversal des assemblages multi-
mate´riaux aluminium-acier et PRFV-acier et e´valuer leur effet sur le comportement
des assemblages ;
2. effectuer une analyse critique des e´quations des re´sistances des assemblages boulon-
ne´s en aluminium et PRFV recommande´s dans les ouvrages de conception ;
3. de´velopper si ne´cessaire des e´quations de re´sistance des assemblages boulonne´s multi-
mate´riaux aluminium-acier et PRFV-acier qui pourraient aussi bien eˆtre applique´es
aux assemblages mono-mate´riaux en aluminium ou en PRFV ;
4. e´valuer la contribution de la colle dans les assemblages boulonne´s/colle´s aluminium-
acier et PRFV-acier.
3.3 Me´thodologie
La re´ponse aux objectifs spe´cifiques e´nonce´s a` la section 3.2, sera traite´e comme suit :
Dans un premier temps nous proce´derons a` la collecte des re´sultats expe´rimentaux des as-
semblages boulonne´s et boulonne´s/colle´s. Cette collecte se fera a` travers un nombre limite´
des spe´cimens teste´s dans les laboratoires de l’UdeS. Nous nous servirons e´galement des
re´sultats expe´rimentaux publie´s dans les revues scientifiques.
Dans un second temps, nous de´velopperons un programme nume´rique des assemblages
boulonne´s a` partir du logiciel d’analyse de structure ADINA 8.7. Ce mode`le sera valide´
par les re´sultats expe´rimentaux collecte´s. Le mode`le ainsi valide´ servira a` e´tendre la base
de donne´es par une e´tude parame´trique pour divers configurations et parame`tres ge´ome´-
triques non teste´s expe´rimentalement.
Les donne´es ainsi collecte´es serviront dans un premier temps a` examiner le comportement
statique des assemblages boulonne´s. Dans cette analyse, les points suivants tant pour les
assemblages aluminium-acier que pour les assemblages PRFV-acier seront tour a` tour exa-
mine´s.
L’effet des parame`tres ge´ome´triques tels que la pince longitudinale (e) et transversale (s),
le pas longitudinal (p) ou transversal (g), de l’e´paisseur (t) et du nombre de boulons (N )
sur la re´sistance et le mode de rupture des assemblages boulonne´s.
L’effet de la de´formation hors plan des assemblages a` simple plan de cisaillement sur la
re´sistance ou le mode de rupture de la connexion. Pour cette analyse, les configurations
en doubles plans de cisaillement seront compare´es aux configurations a` simple plan de
cisaillement.
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La collecte des donne´es et la compre´hension du comportement statique des assemblages
boulonne´s permettront d’identifier les parame`tres optimums des assemblages boulonne´s,
d’effectuer l’analyse critique des e´quations de conception et de les ame´liorer.
En dernier plan, la contribution de la colle dans les assemblages boulonne´s/colle´s aluminium-
acier et PRFV-acier sera examine´e. Cette contribution sera e´value´e en deux e´tapes.
Nous testerons d’abord les assemblages simplement colle´s. Trois types de colles dont deux
types me´thacrylate et un type e´poxide seront utilise´s afin d’identifier celle pre´sentant le
meilleur comportement structural. Dans cette e´tape, les points suivants seront aborde´s :
l’effet de la pre´paration de surface sur la re´sistance et le mode de rupture des assemblages
colle´s ; l’effet du type de colle sur la re´sistance et le mode de rupture des assemblages col-
le´s et enfin la performance structurale des diffe´rents types de colle dans les configurations
aluminium-acier d’une part et PRFV-acier d’autre part.
Enfin, la colle permettant d’obtenir le meilleur comportement structural sera utilise´e dans
les assemblages boulonne´s/colle´s aluminium-acier et PRFV-acier. L’inte´reˆt ici e´tant d’e´va-
luer si l’ajout de la colle ame´liore la re´sistance ou le mode de rupture des assemblages bou-
lonne´s aux parame`tres ge´ome´triques minimums. Pour les assemblages aluminium-acier, la
configuration minimale des assemblages a` un boulon est e=1.5d et s=1.5d. Pour les assem-
blages PRFV-acier, la configuration minimale des assemblages a` un boulon est e=3d et
s=2d. La contribution de la colle sera mesure´e en comparant les re´sultats expe´rimentaux
des assemblages boulonne´s/colle´s aux assemblages simplement boulonne´s.
Les travaux cite´s ci-dessus ont e´te´ effectue´s et sont pre´sente´s aux chapitres 4 a` 8 sous
forme de 5 articles. Le paragraphs suivant sont un bref apercu du contenu de ces articles
et leur contribution aux objectifs spe´cifiques.
L’article 1, pre´sente´ au chapitre 4, a e´te´ accepte´ pour publication a` la revue Engineering
Structures (Elsevier). Dans cet article, les parame`tres ge´ome´triques optimaux des assem-
blages multi-mate´riaux aluminium-acier sont identifie´s et l’analyse critique des e´quations
de re´sistance des assemblages boulonne´s en aluminium recommande´ par trois ouvrages
de conception dont EC9 (1999), AASHTO (2010) et CSA-S157 (2007) est effectue´e. Cet
article de´bute par une bre`ve description de l’e´tat de l’art des assemblages boulonne´s en
aluminium. Il de´montre le besoin de mener davantage d’e´tude pour l’e´valuation des para-
me`tres ge´ome´triques optimaux des connexions aluminium-acier. Cette e´valuation est me-
ne´e a` travers des essais expe´rimentaux et des simulations nume´riques. Les re´sultats ainsi
obtenus permettent d’e´valuer les effets de parame`tres ge´ome´triques tels que l’e´paisseur des
plaques, les pinces longitudinale et transversale et le pas longitudinal sur la capacite´ de
l’assemblage. Par la suite, les re´sultats expe´rimentaux sont compare´s aux re´sultats ana-
lytiques obtenus a` partir des e´quations recommande´es par EC9 (1999), AASHTO (2010)
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et CSA-S157 (2007). Enfin, sur la base des re´sultats expe´rimentaux et des simulations
nume´riques, des parame`tres ge´ome´triques optimaux des assemblages a` un et deux bou-
lons sont propose´s. Ces parame`tres optimaux sont base´s sur des valeurs qui permettent
d’atteindre la rupture en cisaillement de trois nuances de boulons (A307, A325, et A490)
et pour lesquelles de la section nette est infe´rieure ou e´gale a` 0.85 fois la section brute
de la connexion (Ant ≤ 0.85Agt). Il ressort de cette analyse qu’une se´lection minutieuse
des parame`tres ge´ome´triques pourrait ame´liorer de manie`re significative la re´sistance et le
mode de rupture de la connexion. Il a e´galement e´te´ observe´ que le fait de limiter la pince
transversale de la connexion a` la valeur minimale de 1.5d tel que recommande´ par les codes
de conception limite la re´sistance de la connexion a` deux boulons sur une file a` celle d’un
boulon. Les parame`tres optimums sont fonction de l’e´paisseur des plaques a` assembler, de
la nuance du boulon, du diame`tre du boulon et de la configuration de la connexion. Des
tableaux pre´sente´s dans l’article listent ces parame`tres. De l’analyse critique des e´quations
de pre´dictions recommande´es dans les codes de conception, il ressort que les modes de
rupture pre´dits correspondent aux modes de rupture observe´s expe´rimentalement. Dans
la plupart des cas, la rupture par ovalisation excessive controˆle la re´sistance de l’assem-
blage. Compare´ a` EC9 (1999) et AASHTO (2010), CSA-S157 (2007) produit une meilleure
pre´diction du mode et de la charge de rupture.
L’article 2, pre´sente´ au chapitre 5, a e´te´ pre´sente´ a` un congre`s ge´ne´ral annuel de la
Socie´te´ Canadienne de Ge´nie Civil (SCGC). Il comple`te l’article 1 et traite de l’analyse
critique des e´quations recommande´es par les ouvrages de re´fe´rence et de l’e´valuation de
nouvelles e´quations de dimensionnement. L’analyse critique de´veloppe´e ici est base´e sur
les re´sultats expe´rimentaux publie´s par d’autres chercheurs en plus des re´sultats expe´ri-
mentaux pre´sente´s dans l’article 1. Les e´quations de re´sistance des assemblages boulonne´s
recommande´es par les codes de conception tels que ADM (2010); CSA-S157 (2007); EC9
(1999) sont conside´re´es. Il apparaˆıt de cette e´tude que les e´quations de pre´diction de re´sis-
tance en section nette et en cisaillement permettent d’obtenir des re´sultats satisfaisants.
Cependant, les e´quations de pre´diction de la re´sistance a` la pression diame´trale et a` la
traction et au cisaillement combine´s pourraient eˆtre ame´liore´es. De ce fait, pour accroˆıtre
la base de donne´es, une simulation nume´rique d’une et deux files de boulons est effectue´e.
Les re´sultats expe´rimentaux et des simulations nume´riques par e´le´ments finis permettent
de proposer de nouvelles e´quations de calculs de re´sistance en pression diame´trale et a` la
traction et au cisaillement combine´s.
L’article 3, pre´sente´ au chapitre 6, a e´te´ soumis a` Journal of composite materials (SAGE).
Cet article traite de l’e´valuation des parame`tres ge´ome´triques optimaux des assemblages
multi-mate´riaux PRFV-acier et de l’analyse critique des e´quations de re´sistance des assem-
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blages boulonne´s en aluminium recommande´ par ASCE-Pre-Standard (2010). Cet article
de´bute par une bre`ve description de l’e´tat de l’art des assemblages boulonne´s en PRFV
dans lequel le besoin de mener davantage d’e´tude expe´rimentale en simple plan de cisaille-
ment et d’e´valuer les parame`tres ge´ome´triques optimaux des connexions PRFV-acier est
de´montre´. Cette recherche est base´e dans un premier temps sur les essais expe´rimentaux
effectue´s sur des assemblages de plaques a` un boulon et deux boulons sur une file. Les
re´sultats obtenus de ces essais permettent d’e´valuer les effets de parame`tres ge´ome´triques
tels que les pinces longitudinale et transversale et le pas longitudinal sur la capacite´ de
l’assemblage. Par la suite, ces re´sultats expe´rimentaux sont compare´s aux re´sultats ana-
lytiques obtenus a` partir des e´quations recommande´s par ASCE-Pre-Standard (2010).
Puis, des simulations nume´riques par e´le´ments finis sont faites afin d’accroˆıtre la base
de donne´es ne´cessaire a` l’e´valuation des parame`tres optimums des assemblages boulon-
ne´s. Deux types de mate´riaux sont simule´s : Ils se distinguent par leur ratio du module
d’e´lasticite´ transversal sur le module d’e´lasticite´ longitudinal. Le ratio ETt/ELt=0.2 a e´te´
se´lectionne´ pour repre´senter un mate´riau fortement orthotrope et ETt/ELt=0.8 pour un
mate´riau quasi-isotropique. Les modes de rupture obtenus de cette simulation sont com-
pare´s aux pre´dictions de ASCE-Pre-Standard (2010). Il ressort de cette e´tude que pour les
assemblages a` un boulon, les recommandations des parame`tres ge´ome´triques par les ma-
nufacturiers Strongwell (2002) et Creative-Pultrusion (2001) permettent d’atteindre des
charges de rupture plus e´leve´es que celles de ASCE-Pre-Standard (2010). Pour la valeur
limite de s/d=1.5 comme recommande´e par ASCE-Pre-Standard (2010), on ne tire aucun
avantage a` prendre e/d > 3. Les plaques fortement orthotropes sont moins susceptibles de
se rompre par ovalisation excessive. Cette dernie`re observation est aussi constate´e dans les
connexions a` deux boulons sur une file. Les pre´dictions de rupture de ASCE-Pre-Standard
(2010) n’e´taient pas toujours consistantes avec celles observe´es expe´rimentalement.
L’article 4, pre´sente´ au chapitre 7, a e´te´ pre´sente´ au congre`s ge´ne´ral de la SCGC. Il
comple`te l’article 3 et traite essentiellement de la pre´diction de la re´sistance en section
nette des PRFV. Dans un premier temps, une analyse critique des e´quations des re´sis-
tances en section nette recommande´es par les re´fe´rences EUROCOMP (Clarke, 1996),
CNR-DT-205 (2008), Bank (2006), Chen et Lui (2005), Rosner (1992), Mottram (2010),
Prabhakaran et al. (1996) et Hassan et al. (1997b) base´e sur les re´sultats expe´rimentaux
publie´s est pre´sente´e. Il apparaˆıt que les e´quations de pre´diction de rupture en section
nette recommande´es par CNR-DT-205 (2008), Bank (2006) et Chen et Lui (2005), qui
sont tre`s similaires a` celles de l’acier, ne sont pas approprie´es pour les PRFV. Cependant
les pre´dictions obtenues a` partir des e´quations recommande´es par Rosner (1992), Mottram
(2010) et Hassan et al. (1997b), qui sont base´es sur l’approche semi-empirique de´veloppe´e
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par Hart-Smith (1980) produisent des re´sultats satisfaisants. Cependant, de par leur com-
plexite´, ces e´quations sont peu attrayantes pour le concepteur. Sur la base des re´sultats
expe´rimentaux publie´s, nous proposons une nouvelle approche de calcul de la re´sistance
en section nette des PRFV. Cette approche est aussi base´e sur la me´thode semi-empirique
de´veloppe´e par Hart-Smith (1980). Comparativement aux autres approches, elle se veut
plus simple et permet d’obtenir des re´sultats assez proches des re´sultats expe´rimentaux.
L’article 5, pre´sente´ au chapitre 8, a e´te´ soumis a` la Revue canadienne de ge´nie civil.
Il porte sur la contribution de la colle dans les assemblages multi-mate´riaux aluminium-
acier et PRFV-acier. Essentiellement base´s sur des re´sultats expe´rimentaux, la capacite´
de l’assemblage simplement colle´ a e´te´ e´value´ en tenant compte du type d’adhe´sif et du
type de plaque. Deux types d’adhe´sif sont utilise´s, les adhe´sifs me´thacrylates et l’adhe´sif
e´poxyde. Par la suite, la contribution de la colle dans les assemblages boulonne´s/colle´s
aluminium-acier d’une part et PRFV-acier d’autre part est mesure´e. Il ressort de cette
e´tude que : pour les assemblages simplement colle´s, la rupture se produit dans l’interface
de l’adhe´sif a` la plaque. Il est e´galement observe´ que pour les assemblages boulonne´s/colle´s,
l’adhe´sif augmente la capacite´ de la connexion seulement dans les assemblages PRFV-acier
et son effet n’est pas significatif dans les assemblages aluminium-acier.
Les re´sultats expe´rimentaux comple´mentaires de´veloppe´s dans ce projet de recherche sont
contenus dans l’annexe A.
En somme, la re´alisation des objectifs spe´cifiques pre´sente´s dans cette the`se a` travers ces
cinq articles permet dans un premier temps d’accroˆıtre la base de donne´es scientifique
pour la conception d’assemblages boulonne´s, colle´s et boulonne´s/colle´s. De plus, elle est
spe´cialement axe´e a` l’identification des parame`tres ge´ome´triques optimums des connexions
boulonne´es en aluminium et en PRFV qui a` notre connaissance n’a pas encore fait l’objet
d’une e´tude approfondie. Enfin, cette the`se met en e´vidence quelques limites des recom-
mandations faites dans les ouvrages de re´fe´rence et apporte une contribution a` l’ame´liora-
tion des limites releve´es. Il est espe´re´ que les propositions faites contribueront a` ame´liorer
les codes de conception adapte´s aux structures en aluminium ou en PRFV et faciliteront
la conception de structures boulonne´es compose´es de ces mate´riaux pour l’application des
ponts ferroviaires transportables et d’autres types de structures du ge´nie civil.
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Chapitre 4
Effet de parame`tres ge´ome´triques des
assemblages boulonne´s aluminium-acier
4.1 Avant propos
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Contribution au document : En re´ponse aux objectifs 1 et 2 de cette the`se, l’e´tude
pre´sente´ dans cet article a permis d’identifier des parame`tres ge´ome´triques optimums des
assemblages en aluminium a` un et deux boulons et de faire une analyse critique des codes
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de dimensionnement. Ces parame`tres ge´ome´triques sont contenus dans les tableaux 4.7 a`
4.9. L’analyse critique des e´quations propose´es dans trois ouvrages de re´fe´rence dont EC9
(1999), AASHTO (2010) et CSA-S157 (2007) ont permis de constater que, dans la plupart
des cas, la re´sistance a` la pression diame´trale gouverne la pre´diction de la re´sistance car
cette dernie`re sous-estime de manie`re significative la re´sistance de la connexion. Des trois
ouvrages de re´fe´rence, CSA-S157 (2007) permet d’obtenir une meilleure pre´diction de la
re´sistance de la connexion.
Re´sume´ :
Graˆce a` des e´tudes expe´rimentales et nume´riques, ce travail de recherche vise a` fournir des
directives sur la configuration ge´ome´trique optimale des connexions boulonne´es a` simple
plan et double plans de cisaillement entre l’alliage d’aluminium 6061-T6 et l’acier. A` partir
des re´sultats d’essais expe´rimentaux, les effets de diffe´rents parame`tres ge´ome´triques sur
la re´sistance de la connexion sont discute´s. Ces parame`tres incluent les pinces longitudi-
nale et transversale, le pas longitudinal et l’e´paisseur des plaques et l’excentricite´ de la
connexion. Par la suite, les re´sultats expe´rimentaux sont compare´s aux re´sultats pre´dits
par les re´fe´rences de conception et les recommandations ge´ome´triques propose´es par ces
re´fe´rences sont examine´es. L’e´tude expe´rimentale est comple´te´e par l’analyse d’e´le´ments
finis (EF) dans le but d’e´tendre l’e´tude a` un plus grand nombre de parame`tres. En plus
de l’analyse des parame`tres ge´ome´triques e´nume´re´s ci-dessus, l’effet du pas transversal
sur la re´sistance de l’assemblage est e´tudie´ dans l’analyse par EF. Les re´sultats expe´ri-
mentaux et d’e´le´ments finis montrent qu’un choix judicieux des parame`tres ge´ome´triques
peut significativement ame´liorer le mode et la charge de rupture. Il a de plus e´te´ observe´
que limiter la pince transversale a` la valeur minimale recommande´e par les ouvrages de
re´fe´rence limiterait la charge de rupture des assemblages a` deux boulons sur une colonne
a` celle de la connexion a` un boulon. Dans la plupart des cas, la re´sistance a` la pression
diame´trale gouverne la pre´diction de la re´sistance. Les e´quations de re´sistance a` la pression
diame´trale sous-estiment de manie`re significative la re´sistance de la connexion. Sur la base
de ces analyses, les parame`tres ge´ome´triques maximums au-dela` desquelles il n’y a aucune
augmentation de la capacite´ ont e´te´ e´value´s et les parame`tres ge´ome´triques optimums ont
e´te´ propose´s.
Abstract :
Through experimental and numerical studies, this research work aims to provide directions
on the optimal geometric configuration for single-lap and double-lap bolted connection
between aluminum alloy 6061-T6 and steel. From experimental test results, the effects
of different geometric parameters on the joint strength were discussed. These parameters
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include the end-distance, the side-distance, the pitch-distance, the plate thickness and
the joint eccentricity. Then, the experimental results were compared to predicted results
using design references and geometric recommendations proposed by design references
were critically examined. The experimental study was complemented by finite element
(FE) analysis to extend the study to a larger range of parameters. In addition to the
analysis of the geometric parameters listed above, the effects of the gage-distance on the
joint strength were studied in the FE analysis. The experimental and finite element results
show that a careful selection of geometric parameters can result in the high improvement
of the connection strength and failure mode. Limiting the side-distance to the minimum
recommended value was found to limit the strength of a connection with two bolts in a
column to that of the one-bolt connection. In most cases, bearing was found to govern
the strength of the connections. The calculated bearing strengths were found to underesti-
mate significantly the connection strength. Based on these analyses, maximum geometric
parameters beyond which there is no further increase of the joint capacity were evaluated
and optimum geometric parameters were proposed.
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4.2 Introduction
This study was initiated in the context of developing a high strength and low weight por-
table emergency bridge for railways. The use of aluminum members is a promising option
for secondary elements in such bridges due to their light weight, corrosion resistance, and
low maintenance cost. Aluminum alloy 6061 is easily available and used for many appli-
cations. It can be employed without painting if exposed to general atmospheric corrosion.
However, when aluminum is attached to steel components, painting the steel components
and placing an electric isolator in the joint are required to prevent galvanic corrosion. A
critical aspect to consider for the efficient use of aluminum for portable structures is the
behavior of aluminum-to-steel connections. In particular, designers would need to optimize
the geometric configurations of those connections.
4.2.1 Research objective
The main objective of this research is to provide basic information on the static beha-
vior of aluminum to steel joint in civil engineering applications, compare the experimental
results to predicted results using design references, critically examine the geometric re-
commendations proposed by design reference and to evaluate the maximum geometric
parameters beyond which there is no further increase of the joint capacity. This paper is
divided into four parts : In the first part, a literature review of aluminum bolted joint is
presented. Then, the static test of single-lap and double-lap bolted joints using varying
geometric parameters in one and two bolts joints is experimentally studied. Next, calcu-
lated joint strengths using equations from three different references, namely EC9 (1999),
AASHTO LRFD Bridge Design Specifications AASHTO (2010), and Strength design in
aluminum/Commentary on CSA-S157 (2007) are compared to experimental results. Fi-
nally, finite element analysis validated by experimental results is used to extend the data
to a large range of parameters. Based on these different analyses, optimum geometric
parameters are proposed for one-bolt and two-bolt connections.
4.3 Literature review
Among the different joining techniques, bolting appears to be the most practical choice
for emergency portable bridges as it can be easily disassembled. However, bolts introduce
stress concentration around the bolt-hole where failure can be initiated. When the compo-
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nents are axially loaded, bearing failure, shear tear-out failure, rupture of the net-section,
rupture by block shear, yielding of the gross-section and shear failure of the bolt are the
six possible modes in which the loaded members can fail. Figure 4.1 illustrates these six
possible failure modes. Equations to calculate the strength for all these failure modes are
given in design references. The three design references of interest in this study are : EC9
(1999), AASHTO (2010) and CSA-S157 (2007).
Figure 4.1 – Failure modes : (a) Bearing, (b) net-section, (c) shear tear-out,
(d)block-shear, (e) gross-section, (f) bolt shear
Figure 4.2(a) presents an example of bolted connections loaded in single-lap and double-
lap configurations. In a bolted connection, geometric parameters include : the number of
shear planes x, end-distance e, side-distance s, width w, pitch-distance p, gage-distance g,
plate thickness t, bolt-hole diameter dh, bolt diameter d, the number of bolts in the row
n, the number of bolts in the column m, and the total number of bolts in the connection
N. Design references recommend minimum and maximum values for these parameters for
the connection of aluminum sections. Table 4.1 summarises these values for e, s, p and g.
The recommended minimum distances may be governed by the clearance for bolt heads
and driving tools, as indicated in CSA-S157 (2007) while, the maximum are governed by
local plate buckling and plate thickness. As presented in Table 4.1, these maximum and
minimum can differ from one design reference to another.
The main objective of the experimental studies available in the literature is the prediction
of the behavior of the aluminum connection for different configurations. Menzemer et al.
(1999) performed an experimental investigation to establish criteria to estimate the block
shear limit state of bolted connection elements. Block shear failure was found to occur
by a tensile fracture in the gage-distance of the first inner row and a more gradual shear
failure along each bolt column. Based on their experimental results, an approach to incor-
porate the connection length into the effective shear strength was proposed. In another
paper, Menzemer et al. (2002) investigated the bearing strength of three aluminum alloys
(5052-H32, 5454-H34 and 3003-H16). Among the key finding, the average ratio of bearing
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Figure 4.2 – (a)Typical bolted joint in single-lap and double-lap arrangements, (b) Test
set-up of aluminum-to-steel connection
Table 4.1: Geometric recommendations for aluminum bolted connection
Design pitch gage End-distance side-distance
Code p g e s
Min. Max. Min. Max. Min. Max. Min. Max.
(CSA-S157, 2007) 3d - 2.5d - 1.5d - 1.25d -
(AASHTO, 2010) 2.5d 17t 2.5d 17t 2dh 5.5t or 1.5dh 5.5t or
90 mm 90 mm
(EC9, 1999) 2.2d 14t or 2.4d 14t or 1.2d 4t+ 1.2d 4t+
200 mm 200 mm 40 mm 40 mm
strength to material tensile strength (Fbr/Fu) was higher in configurations with inner alu-
minum plate than configurations with aluminum outer plates. The effect of bolt pre-load
was more relevant in configurations with inner aluminum plate than in configurations with
two outer aluminum plates. However, the clamping effect provided either by the bolt pre-
load or by the rigidity of the steel cover severely limited the permanent hole elongation.
Bearing performance of aluminum bolted connections was also investigated by Wang et al.
(2011), this time for alloys 6061-T6 and 6063-T5. Bolt-diameter and end-distance were the
two parameters studied in the experimental analysis while numerical simulations included
also the study of plate thickness. Bearing strength of aluminum was found to be directly
proportional to bolt-diameter and sheet thickness. With the increase of end-distance, fai-
lure mode was found to change from shear to bearing failure. Bearing strength was linearly
proportional to the end-distance up to e=3d. Above this value, bearing strength increasing
rate was slower. Based on these results, a simplified relation was proposed to evaluate the
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impact of the end-distance on bearing strength. The effect of end-distance was also investi-
gated by Kim et al. (2012b) for single-lap aluminum 6061-T6 plates joined with four bolts
all arranged in 2 rows and 2 columns. The joint strength was found to increase with the
end-distance up to 5d. Above this value, a reduction of the joint strength was observed due
to the excessive out-of-plane deformation (curling). Compared to experimental results, the
block shear strengths calculated using AISI-S100 (2007) and ADM (2010) design specifi-
cations were underestimated while for curled specimens the design specifications tended
to overestimate the joint strength due to the reduction of the capacity caused by curling.
Following their experimental study, Kim et al. (2012a) also performed a numerical simu-
lation to estimate the structural behavior such as ultimate strength, fracture and out of
plane deformation (curling) effect on single-lap aluminum bolted connections. From their
parametric study, the necessity to consider this effect in the design of joint strength with
long end-distance and side-distance was highlighted. From Tinl et al. (2013) study, the
average bearing ratio (Fbr/Fu) at failure of aluminum alloys 5052-H32 and 6061-T6 was
found to be equal to 1.6 for e =1.5d and 1.2 for e =1.25d. Compared to the design provi-
sions given by ADM (2010) the experimental strengths were found to be larger than the
calculated bearing strength using guaranteed minimum mechanical properties.
In summary, many values for the spacing of bolts in connections between aluminum plates
have been recommended and can also be found in standards. However, except for the
end-distance, maximum geometrical parameters beyond which there is no further increase
of the joint capacity are not clearly identified. For instance, Kim et al. (2012a) study
indicates that in a four-bolt connection, there is no gain in capacity beyond 5d. This
suggests that there is still a need to further investigate the geometrical configuration of
the joints, especially the maximum distances between bolts, or between bolts and plate
edges, in order to optimize the strength of the connection.
4.4 Experimental program
4.4.1 Overview
The static test of few experimental configurations was performed in order to understand the
behavior of aluminum to steel bolted connections and to obtain sufficient data to validate
the FE model. For this investigation, connections with one-bolt loaded in single-lap and
double-lap configurations and two-bolt in a column loaded in single-lap configurations
were tested. Five configurations were tested for one-bolt single-lap joint. For the first
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three configurations, s and e equal 1.5d with plate thickness (t) equal to 3.175 mm (T3),
6.35 mm (T6) and 9.525 mm (T9). For the fourth configuration, s and e were taken
at 1.5d and 2d respectively with t=6.35 mm while for the fifth configuration s and e
equal 2.5d and t=6.35 mm. Results were used to investigate the effect of s, e and t on
one-bolt connections. Then, the effect of joint eccentricity on one-bolt connections was
studied by comparing results from the single-lap to those of double-lap with the same
end-distance, side-distance and plate thickness (e=1.5d, s=1.5d, t=6.35 mm). Finally, the
effect of s on the two-bolt single-lap joint strength was studied. A configuration with e=3d,
s=2.5d and p=3d was compared with another configuration for which e=2.5d, s=3d and
p=3d both having t=6.35 mm. Specimens were named with respect to their respective
geometric parameters. For example, S15E15T9 stands for single-lap one-bolt joint with
s=1.5d, e=1.5d and 9.525 mm thick plates. DS15E15T6 stands for double-lap with s=1.5d,
e=1.5d and 6.35 mm thick plates. S25E30P30T6 stands for single-lap two-bolt in a column
with s=2.5d, e=3d, p= 3d and plate thicknesses of 6.35 mm. S30E30G60T3 stands for
single-lap two-bolt in a row with s=3d, e=3d, g=6d and plate thicknesses of 3.175 mm. For
all these configurations, ASTM A325 bolts with 12.7 mm diameter and nominal washer
on both sides were used. The bolt-hole diameter dh was approximately equal to 14 mm.
Five specimens per configuration were tested except for S30E30G60T3. Three specimens
were tested for this configuration for a total of 43 tests.
4.4.2 Experimental setup and measurements
The tests were conducted up to failure of the joint in shear using a 500 kN hydraulic testing
machine. Figure 4.2(b) presents the test set-up of aluminum-to-steel connection. The end
connections were designed to make the loading axis to coincide with the interface of the
two plates so the bolt was primarily loaded in shear. ASTM A325 bolts with 12.7 mm
diameter and nominal washer on both sides were used. The length of the bolt was selected
to exclude threads from the shear interface. The bolt was tightened to a snug-fit condition,
which referred to the maximum effort of a technician using an ordinary wrench. Therefore,
the specimen was considered to be bearing type connection. The load was applied at the
rate of 1 mm/min and the load and displacement were recorded by the control system of
the universal testing machine.
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4.4.3 Tensile tests of the materials
The bolted specimens were taken from different flat bar lots. Flat bars of 63.5 mm and
76.2 mm width had a 6.35 mm thickness ; flat bars of 38.1 mm width had three different
thicknesses : 3.175 mm, 6.35 mm and 9.525 mm. The flat bar of 152.4 mm width had 3.175
mm thickness. Two or three coupons per flat bars were used to investigate their mechanical
properties. For aluminum 6061-T6 flat bars, a total of 19 coupons were prepared and
tested in tension according to the American Standard Test Method B 557M-02 (ASTM-
B557, 2002). For the 350W steel flat bars, 12 coupons were prepared and tested in tension
according to the American Standard Test Method A370-12 (ASTM-B557, 2002). All tested
coupons had a reduced section. Strain was measured by an axial extensometer with a gage
length of 25 mm located at the middle of the reduced section.
4.5 Experimental results
4.5.1 Coupons tensile tests results
The mechanical properties of tested aluminum coupons are summarized in Table 4.2.
Stresses were computed from the measured loads data divided by the net-section area of
each coupon. The elastic modulus (E ) of each coupon was calculated by taking the slope
of the elastic portion on its stress-strain curve. Since aluminum does not exhibit a flat
plateau at the yield strength as is the case of mild steel, ASTM-B557 (2002) suggests to
determine the aluminum yield strength (F0.2) by the offset method at an offset of 0.2%.
As presented in table 4.2, the strain at maximum tensile stress (ǫfu) is approximately 10%
while, the strain at F0.2 (ǫ0.2) is between 0.40% and 0.62%. The ultimate tensile strength
corresponds to the maximum recorded strength. For coupons AlA−1 and AlB−2, it was
difficult to evaluate the yield strain and/or yield strength and the elastic modulus because
the acquisition of these curves was faulty. Tensile strength and elastic modulus reported
by design references are also presented in Table 4.2. Commentary in section 4.2.1 of CSA-
S157 (2007) recommends for design purposes, that Fu and F0.2 shall be the minimum
value specified for alloy in the Aluminum Standards and Data Publication (ASD, 2003).
For aluminum alloy 6061-T6, this minimum corresponds to that of ”shapes” which is 260
MPa and 240 MPa for Fu and F0.2 respectively. This value is considered regardless if the
material is a plate, shape or sheet. Such recommendation is not specified in EC9 (1999)
and AASHTO (2010). Therefore, Fu and F0.2 were taken as provided in Table 3.2a of EC9
(1999) and Table 7.4.2.1.1 of AASHTO (2010) for aluminum alloy 6061-T6 ”plates”.
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For mild steel, yield point is simply the first stress in a material, less than maximum
attainable stress, at which an increase in strain occurs without increase in stress (Kulak et
Grondin, 1998). The material’s properties of the 5 different lots were similar. The average
ultimate tensile strength and average yield strength were approximately 540 MPa and 370
MPa respectively. ASTM A325 bolts were not tested because the strength of the whole
connection was not affected by the capacity of the bolt. Its nominal guaranteed tensile
strength is 830 MPa and the nominal shear strength for a bolt of 12.7 mm diameter is
approximately 63 kN for threads excluded considering the shear strength equals to 0.6
times the nominal tensile strength (Kulak et Grondin, 1998).
Table 4.2: Aluminum tensile test results.
Corresponding Coupon Fu F0.2 ǫf u ǫf 0.2 E
bolted name (MPa) (MPa) (%) (%) (GPa)
specimen
AlA−1 310.4 280.5 - 0.54 78.4
Al-St AlA−2 309.1 277.5 7.7 0.52 69.3
S15E15T3 AlA−3 310.2 279.6 9.6 0.53 67.5
Ave. 309.9 279.2 8.7 0.53 71.7
AlB−1 305.1 279.0 8.0 0.43 69.4
Al-St AlB−2 300.1 - - - -
S15E15T6 Ave. 302.6 - - - -
AlC−1 312.2 293.3 7.8 0.62 64.7
Al-St AlC−2 313.7 294.3 8.0 0.60 70.9
S15E15T9 AlC−3 311.3 292.9 7.8 0.61 73.0
Ave. 312.4 293.5 7.9 0.61 69.5
Al-St AlB−1 305.1 279.0 8.0 0.43 69.4
S15E20T6 AlB−2 300.1 - - - -
Ave. 302.6 - - - -
Al-St AlD−1 330.4 302.7 9.0 0.47 75.5
S25E25T6 AlD−2 331.1 302.6 10.0 0.47 71.4
Ave. 330.7 302.7 9.5 0.47 73.4
St-Al-St AlE−1 330.1 300.6 9.1 0.46 69.6
DS15E15T6 AlE−2 331.1 300.2 9.5 0.46 70.6
Aver. 330.6 300.4 9.3 0.46 70.1
Al-St AlF−1 301.8 273 9.5 0.42 68.9
S25E30P30T6 AlF−2 297.8 264.5 9.1 0.41 70
Aver. 299.8 268.8 9.3 0.42 69.4
Al-St AlG−1 310.6 273 8.6 0.42 63.1
S30E30P30T6 AlG−2 312.8 275 10.2 0.42 71.3
Aver. 311.7 274 9.4 0.42 67.2
Al-St AlH−1 359.5 318 10.3 0.53 66.3
S30E30G6T3 AlH−2 358.1 315 9.3 0.5 76.6
AlH−3 351.5 309.8 12 0.52 70.1
Aver. 356.4 314.3 10.5 0.52 71
Design CSA-S157 260 240 - - 70
reference AASHTO2010 290 240 10 - 70
EC9 290 240 - - 70
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4.5.2 Results of bolted connections
The average experimental failure loads, Pexp, standard deviation, Std., and failure modes,
FM, for each configuration are presented in Table 4.3. It can be observed that the ave-
rage maximum experimental loads for each configuration of single-lap one-bolt joint are
approximately 40 kN, 53 kN and 69 kN for S15E15T6, S15E20T6 and S25E25T6 respecti-
vely. These load values correspond to 63%, 84% and 109% of the nominal capacity of the
12.7 mm A325 bolt in shear which is 63 kN. By increasing the plate thickness to 9.525 mm
(3/8 in) with e=1.5d and s=1.5d, the average recorded load for S15E15T9 equal 57 kN
which is 91% of the nominal capacity of the bolt. For two-bolt joints in a column, the ave-
rage experimental failure loads are 95 kN and 120 kN for S25E30P30T6 and S30E30P30T6
respectively. These loads values correspond to 75% and 95% of the nominal capacity of
the two bolts. When the two bolts are arranged in one-row, the average failure load is
approximately 87 kN for S30E30G60T3 which represent 69% of the nominal capacity of
the two bolts.
Table 4.3: Experimental test results compared to predicted results .
Experimental EC9 (1999) AASHTO (2010) CSA-S157 (2007)
Test names 1 2 3 4 5 6 7 8 9 10 11 12 13
Pexp Std. Pf FM PN 1/5 FM PN 1/8 FM PN 1/11 FM
(kN) dev. (kN) (kN) (kN) (kN)
S15E15T3 22.4 1.09 18.8 S 14.2 1.58 B 14 1.6 B 18.7 1.2 S
S15E15T6 39.6 0.66 33.8 S 27.7 1.43 B 28 1.41 B 36.6 1.08 S
S15E15T9 57.1 1.04 47.5 S 43.1 1.32 B 44.1 1.29 B 56.7 1.01 S
S15E20T6 52.6 0.56 44.8 N 36.9 1.43 B 37.4 1.41 B 46.3 1.14 N
S25E25T6 69.4 0.68 54.4 B 50.4 1.38 B 40.6 1.71 B 53.3 1.3 B
DS15E15T6 45.6 1.51 35.9 S 30.2 1.51 B 30.1 1.51 B 40 1.14 S
S25E30P30T6 95 0.83 79.3 N 79.5 1.19 B 72 1.32 B 96.7 0.98 N
S30E30P30T6 120.2 0.63 104.1 N 82.7 1.45 B 73.4 1.64 B 100.3 1.2 B
S30E30G60T3 86.84 1.13 63.4 B 65.2 1.33 B 42.08 2.06 B 57.5 1.51 B
FM: Failure mode, N: net-section failure; B: bearing failure, S: shear tear-out failure
4.6 Analysis of experimental results
As all tested configurations did not have the same material tensile strength, the maximum
experimental load (Pexp.) of each tested joint needs to be adjusted for comparison with
other test results. For this purpose, the test results were factored by the ratio of the
nominal tensile strength required by CSA-S157 (2007) design reference (FuCSA−S157 = 260
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MPa) to the average tensile strength of the corresponding coupon, Fu coupon (Equation
4.1).
PN = Pexp ×
FuCSA
Fucoupon
. (4.1)
These factored loads were used to investigate the gain in joint strength between different
joint configurations. In Figures 4.3 to 4.6, the Factored load was used instead of the
experimental load because it allowed to better compare the force-displacement curves for
the various configurations.
4.6.1 Effect of side-distance and end-distance on a one bolt (1X1)
single-lap configuration
Figure 4.3(a) presents the typical failure mode of single-lap aluminum-to-steel one-bolt
joints. In this figure, the aluminum plate is on the bottom side while the corresponding
steel plate is on the top. The five specimens of each configuration experienced the same
failure mode. For S15E15T6, shear tear-out failure of the aluminum plate was observed
(Figure 4.3a). With the increase of the end-distance (S15E20T6), the aluminum plate
experienced rupture of the net-section (Figure 4.3b). A further increase of the end-distance
associated with an increase side-distance (S25E25T6) changed the failure mode of the joint
to a bearing failure of plate around the bolt-hole in the loading direction (Figure 4.3c).
This elongation, although similar to that of S15E15T6 configuration, was assumed to be
bearing failure. This assumption was based on the fact that CSA-S157 (2007) recommends
that for force directed towards an edge distance, the capacity is governed by shear failure
in the connected material up to an end edge distance in excess of two diameters. With
S25E25T6 configuration, a limited yielding of the bolt was also observed. Furthermore,
the steel plate reaches its plastic state and an ovalization of the bolt-hole in the steel
plate was observed. In Figure 4.3(d), factored typical force-displacement curves of the
three configurations are compared. It is observed that the factored load (Pf ) increased by
32% and 61% for S15E20T6 and S25E25T6 respectively as compared to S15E15T6. For
design consideration, design references such as EC9 (1999) and AASHTO (2010) suggest
to limit the bearing strength of a connection with e sup 2d to that of approximately 2d.
Experimental results shows that this restriction is acceptable for s lower than 2d. Above
this, such restriction underestimates the bearing strength of a one-bolt connection. An
observation of the displacement at which failure occurred in S15E15T6 and S15E20T6
shows that increasing the joint end-distance only did not increase the joint displacement
at failure. However, the displacement increased to approximately 10 mm when both the
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end and side distances were increased to 2.5d. As S25E25T6 leads to bearing failure and
to a higher joint strength, it was taken as a reference baseline for two-bolt connections.
Figure 4.3 – Effect of s and e on one bolt single-lap joints : Damage on : (a) S15E15T6,
(b) S15E20T6, (c) S25E25T6. (d) Factored Force-Displacement curves of one bolt
single-lap joints
4.6.2 Effect of plate thickness in a one-bolt single-lap configu-
ration
The effect of plate thickness was investigated by comparing one-bolt connections with
same end and side distances but different plate thicknesses. Figures 4.4(a), 4.4(b) and
4.4(c) present the typical failure mode of specimens S15E15T3, S15E15T6 and S15E15T9
respectively. Results indicate that plate thickness has no effect on the joint failure mode.
For this configuration, failure by shear is the observed mode for the three connections.
Figure 4.4(d) presents the typical force-displacement curves of the three tested configura-
tions. The average factored loads of S15E15T3, S15E15T6 and S15E15T9 are 18.8, 33.8
and 47.5 kN respectively. The relationship between the factor load and the plate thickness
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appears to be not perfectly linear. This effect will be studied further in section 8.1. With
S15E15T3, the displacement at failure is approximately 3 mm while with S15E15T6 and
S15E15T9 the displacement at failure is around 7 mm. In Table 4.3, it can be noted that
the factored load obtained with S15E15T9 is only 1.06 times higher than that obtained
with S15E20T6 which is 1.5 times thinner but with e = 2d. This suggests that a careful
selection of the geometric parameters can result in large gains in material weight and cost.
Figure 4.4 – Effect of plate thickness on one bolt single-lap joints : Damage on : (a)
S15E15T3, (b) S15E15T6, (c) S15E15T9. (d) Factored Force-Displacement curves of
S15E15T3 compared to S15E15T6 and S15E15T9.
4.6.3 Effect of joint eccentricity
Joint eccentricity is usually present in single-lap configuration resulting in out-of-plane
deformation. Plate end-curling observed as a result of such deformation is more prononced
in thinner plates with longer end-distance than shorter ones as illustrated in Figures 4.5(a)
and 4.5(b). It can be prevented by using an even number of shear planes. The effect of
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joint eccentricity in the joint axial strength was evaluated by comparing the single-lap
S15E15T6 with the double-lap (steel-aluminum-steel) DS15E15T6. In Figures 4.5(c) and
4.5(d), failure mode of S15E15T6 is compared to DS15E15T6. As it can be observed, re-
straining the out-of-plane deformation did not change the failure mode of the joint. Shear
tear-out damage is observed on the aluminum plate of both DS15E15T6 and S15E15T6.
No significant deformation is observed on the steel plates and on the bolt. Figure 4.5(e)
presents the force-displacement curves of DS15E15T6 and S15E15T6. A gain of 6% the fac-
tored load (Pf ) is measured when the eccentricity is restrained. Failure of the DS15E15T6
compared to S15E15T6 occurs earlier in the loading history of the joint. The measured
displacement is approximately 5 mm for DS15E15T6 compared to approximately 7 mm for
S15E15T6. This is probably due to the two outer steel plates. As their rigididy is 3 times
greater than that of aluminum and due to the restriction of out-of-plane deformation, the
ability of the aluminum inner plate to freely deform was reduced. As the strength obtained
with the double-lap configuration was only few percent higher than that of single-lap, it
was not found necessary to pursue the tests with the double-lap configuration. Therefore,
the analysis of the two bolts joint was performed only in single-lap configuration.
Figure 4.5 – Effect of joint eccentricity : Out-of-plane deformation of : (a) S15E15T6 and
(b) S30E30G60T3. Fracture of : (c) S15E15T6, (d) DS15E15T6. (e) Factored
force-displacement curves of DS15E15T6 compared to S15E15T6
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4.6.4 Effect of geometric parameters in two-bolt single-lap confi-
guration
Figures 4.6(a), 4.6(b) and 4.6(c) present the typical failure modes of S25E30P30T6,
S30E30P30T6 and S30E30G60T3 respectively. For specimens S25E30P30T6 rupture of
the net-section was observed at the aluminum first inner row (Figure 4.6a). The bolt
of the inner row shows sign of shear deformation while the corresponding row on the
steel plate shows a light bearing damage. Rupture of the net-section occurs also for
S30E30P30T6 on the aluminum first inner row with signs of bearing damage on the two
holes (Figure 4.6b). Signs of bearing damage were also present on the two holes of steel
plate while the two bolts reached a plastic state. For S30E30G60T3, failure presented in
Figure 4.6(c) occurs by bearing with hole elongation approximatively equal to 2 times
the bolt diameter followed by curling of the aluminum plate. In Figure 4.6(c), out-of
plane deformation of the aluminum plate is observed between the two bolts due to the
gage distance, g = 6d, taken above the maximum recommended values of EC9 (1999)
(g = 3.5d) and AASHTO (2010) (g = 4.25d) for a 3.175 mm thick plate. Bearing of the
steel plate was also observed while ; the two bolts showed signs of damage.
Figure 4.6(d) presents the typical force-displacement curves of the three configurations.
Maximum displacements of 8 mm and 12 mm are observed for S25E30P30T6 and
S30E30P30T6 respectively. A gain of 31% of the factored load (Pf ) is achieved when
the side-distance is increased to 3d. The factored joint capacity in one-bolt connection
(S25E25T6) is equal to 54 kN. Doubling the number of bolts with the same side-distance
(S25E30P30T6) only increased the joint strength by 46% because the capacity was limited
by the rupture of the net-section and the end-distance has no effect on the joint strength.
A further increase of the side-distance to 3d (S30E30P30T6) leads to 91% increase in the
factored joint strength. As no fracture was observed between the two bolts in both confi-
gurations, the pitch-distance p = 3d recommended by CSA-S157 (2007) is found sufficient
to prevent the joint failure on the shear path. Therefore, for the two-bolt in a column with
t=6.35 mm, a side-distance s greater than 3d (or w>6d) is required for the joint to achieve
the nominal capacity of the two bolts A325 in shear. This value of s is expected to change
with the plate thickness, the number of bolt in the joint, and the bolt size and properties.
Figure 4.6(d) also shows the force-displacement curve for specimen S30E30G60T3. The
results of this specimen will be used later to validate the FE model for the two-bolt in a
row configuration.
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Figure 4.6 – Effect of geometrical parameters in two-bolt single-lap configuration :
Damages on 2 bolts joints : (a) S25E30P30T6 ; (b) S303E0P30T6 ; (c) S30E30G60T3, (d)
Factored force-displacement curves of S30E30P30T6, S25E30P30T6 and S30E30G60T3
4.7 Comparison between experimental and predicted
results
The test results of one-bolt and two-bolt connections are compared with the nominal
strength prediction obtained using equations recommended by EC9 (1999), AASHTO
(2010) and CSA-S157 (2007). As only the nominal strength is considered, strength reduc-
tion factors are not used for the calculation of the strength predictions.
4.7.1 Design Equations
When failure is predicted to occur in the net-section, all three design references establish
the corresponding net-section strength (Pt) presented in Equation 4.2. Nominal net-section
strength
Pt = (w − n.dh) .t.Fu (4.2)
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The three design references do not give a clear guideline of the shear tear-out strength
(Psh) prediction as it is the case of steel structures. As shear tear-out is a particular case of
block shear failure also called tear-out in CSA-S157 (2007), it was assumed that block-shear
strength equation in these design references can also be applied to shear tear-out strength.
Therefore, the nominal shear-tear-out strength per bolt was evaluated using Equations 4.3
to 4.5.
CSA-S157 (2007) nominal Shear tear-out strength
Psh = e.t.Fu (4.3)
EC9 (1999) nominal Shear tear-out strength
Psh = 0.58(2e− 0.5d).t.Fu (4.4)
AASHTO (2010) nominal shear tear-out strength
Psh = 1.16e.t.Fu (4.5)
The nominal bearing strength (Pbr) per bolt is evaluated using Equations 4.6 to 4.8 for
CSA-S157 (2007), EC9 (1999) and AASHTO (2010) respectively. It can be seen in Equation
4.8 that the bearing strength of the material is required to evaluate the connection bearing
strength. This strength was not evaluated for the coupons tested in this study. Therefore,
the ratios of Fbr/Fu and Fby/Fy calculated from values provided in AASHTO (2010) design
reference Table 7.4.2.1 were used. From the values provided in this reference, the bearing
strength of aluminum alloy 6061-T6 (Fbr) equals 2.1Fu while the bearing yield strength
(Fby) equals 1.66Fy. These ratios were used in conjunction with the coupon tensile strength
as presented in Equation 4.8. For e < 2d, AASHTO (2010) recommends to multiply Pbr
by the ratio of e/2d.
CSA-S157 (2007) nominal bearing strength
Pbr = min

e.t.Fu2.d.t.Fu (4.6)
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EC9 (1999) nominal bearing strength
Pbr = 2.5αb.d.t.Fu, with : αb = min


e/3dh,
Fub/Fu,
1
(4.7)
AASHTO (2010) nominal bearing strength
Pbr = min

d.t.Fby = 1.66d.t.Fy,d.t.Fbr/1.2 = 1.75d.t.Fu (4.8)
4.7.2 Analysis of the predicted results
Table 4.3 column 5 to 13 lists the predicted failure modes and failure loads of the three
design references. The material tensile strengths obtained from the tested coupons were
used for this calculation. Therefore, the predicted load PN should be compared to the
predicted experimental load Pexp. The experimental to predicted ratios are also reported
in Table 4.3.
For connections S15E20T6, S25E30P30T6 and S30E30P30T6, experimental study reveals
a failure mode by net-section. However, with EC9 (1999) and AASHTO (2010) bea-
ring strength was found to govern the design prediction of these three configurations.
Failure prediction by CSA-S157 (2007) was consistent with the experimental failure for
S15E20T6 and S25E30P30T6. However bearing strength governs the design prediction for
S30E30P30T6. With CSA-S157 (2007), the net-section capacity was also well predicted
with a maximum difference of 14% compared to experimental failure load. The strength of
these connections was underestimated by 16% to 39% compared to experimental results
when bearing failure was the predicted mode.
For connections S15E15T3, S15E15T6, S15E15T9 and DS15E20T6, it was assumed in the
experimental analysis that the observed failure mode is shear tear-out (instead of bea-
ring) because of e < 2d as suggested in CSA-S157 (2007). However, with EC9 (1999)
and AASHTO (2010) design predictions, bearing strength was found to govern the design
prediction. Failure prediction by CSA-S157 (2007) was consistent with the experimental
failure as the shear strength equation (Equation 4.3) is equal to the lower bound of bearing
strength (Equation 4.6). With EC9 (1999) and AASHTO (2010), the predicted strength
was found to be very conservative with a maximum difference of 60% compared to experi-
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mental results. As for CSA-S157 (2007), a better prediction of the strength was obtained
with a maximum difference of 20% compared to experimental results.
For connections S25E25T6 and S30E30G60T3, all three design references predicted a bea-
ring failure which is consistent with the experimental failure mode. However, the bearing
strength prediction of these three references underestimated the connection strength by
23% to 52% as compared to experimental results. This is due to the fact that design re-
ferences limit the bearing strength to approximately twice the ultimate tensile strength.
For e > 2d, such limitation underestimates the connection strength.
More data are required to better comprehend the relationship between different geometric
parameters and the joint strength and to develop design equations capable of providing an
accurate prediction of the joint strengths. Finite element analysis is a good tool to extend
such data.
4.8 Finite element analysis
4.8.1 Overview of the finite element model
A finite element (FE) analysis was performed to investigate the strength of aluminum
bolted joints with the commercial software ADINA 8.7.3. The analysis started with a
validation study. The experimental results were used to validate the FE results. This ana-
lysis was followed by a parametric study where a 3D FE analysis was used to study the
effect of plate thickness and verify the assumption made in section Effect of plate thi-
ckness. For this verification, t=3.175 mm, 6.35 mm, 9.525 mm, 12.7 mm, 15.875 mm,
19.05 mm, 25.4 mm with the constant values of e = 1.5d and s = 1.5d were considered.
Then, the effects of increasing the end-distance (e = 1.5d, 2d, 3d, 4d, 5d) and the side-
distance (s = 1.5d, 2d, 2.5d, 3d, 4d, 5d) in one-bolt connection were analyzed using 2D FE
analysis. Finally, the optimum geometric parameters for two-bolt connections either ali-
gned parallel or transversal to the loading direction were investigated. The end-distance
and the side-distance were varied from 1.5d to 5d as in one-bolt configuration while in-
creasing the pitch-distance (p = 2d, 3d, 4d, 5d) for two-bolt parallel or the gage-distance
(g = 2d, 3d, 4d, 5d) for two-bolt transversal to the loading direction were considered. In line
with the experimental investigation, maximum geometric parameters beyond which there
is no increase in the joint strength were evaluated. Results obtained from this analysis
were also used to evaluate the optimum parameters of one and two bolts connection for
different plate thicknesses, bolt sizes and bolt grades. A linear relationship between the
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joint strength and both the plate thickness and bolt size was assumed. These optimums
were chosen based on the values at which the nominal shear strength of a high strength
bolt A307, A325 and A490 is reached. The recommendation of AASHTO (2010) to limit
the net-area (Ant) of the connecting element to the maximum value of 85% the gross-area
(Agt) of the plate was also taken in consideration. Although such requirement is not spe-
cified for aluminum structures, it was considered for choosing the side and gage distances
to make sure an economic design is identified.
4.8.2 Analysis assumptions
In the experimental study of the aluminium-to-steel connection, failure of the joint was due
to the aluminum fracture. Therefore, to reduce the computation time, only the aluminum
plate and bolt were modeled in the finite element (FE) analysis. To ensure that the model
reliability will not be affected with such simplification, a 3D model, which includes the
aluminum plate, the steel plate and the bolt (FE-3DAS) was also computed. The results
obtained with the 2D (FE-2DA) and 3D (FE-3DA) simplified models were compared to
FE-3DAS and experimental results. As bolts were tightened to a snug-fit condition (bearing
type connection), the bolt preload was neglected. The bolt preload was also not considered
in the FE analysis by Kim et al. (2012a) for the same preload condition. Figures 4.7(a) and
4.7(b) present the typical FE-3DAS and FE-3DA models used for this analysis. For model
Figure 4.7 – FE models : (a) Typical FE-3DAS model, (b) Typical FE-3DA model.
Post-processing response : (c) Net-section failure, (d) Shear tear-out failure, (e) Bearing
failure
validation, all configurations tested in the experimental program were analysed. Material
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properties of these configurations are shown in Table 4.2. In the static environment of
ADINA, the aluminum and steel plates were modeled as a material with bilinear elasto-
plastic behavior. The 3D solid element with 8 nodes per element and 3 degrees of freedom
was considered. The analysis assumptions were large displacement and strain. Full Newton
method was used for the iteration. The bolt was modeled as a cylinder of 12.7 mm diameter.
Contacts between the bolt and the plates were modeled by contact elements available in
the FE software. The contact interface were generated as a pair of surface elements. On this
interface, a bolt was defined as a target surface and the bolt-hole as a contactor surface.
This assumption was based on the fact that the strength of the steel bolt is greater than
that of aluminum and steel plates. No friction was considered on this interface. For the
3D model containing the steel and aluminum plates (FE-3DAS), fixed boundary condition
was applied on the aluminum far end plate edge (X=Y=Z=0) and a uniform pressure was
applied in the longitudinal z axis of the far end plate edge of the steel plate (Figure 4.7(a)).
For the 3D simplified model containing only the aluminum plate (FE-3DA), fixed boundary
condition was applied on the bolt (X=Y=Z=0) and a uniform pressure was applied in the
longitudinal z axis of the far end plate edge of the aluminum plate (Figure 4.7b). The
external load was incrementally applied on the structure. Once the deformation of the
material at Fu (ǫfu) was reached, the structure diverged. The load to which the structure
diverged was taken as the maximum capacity that the joint can support.
For the parametric study, F0.2=279 MPa, Fu=310 MPa, ǫ0.2=0.4% and ǫfu =10% were
considered. A 3D FE analysis was first used to investigate the effect of plate thickness.
Then, to further reduce the computational process, a 2D FE analysis was considered to
evaluate the effects of e, s, p and g. In addition to the FE modeling assumptions described
above, six degrees of freedom and 9 nodes per element were used for 2D FE model (FE-
2DA). The bolt was modeled as a half cylinder and the contact feature available in the
software was used. The parameters : e, s, p and g were consecutively changed while d=12.7
mm and the input plate thickness (t=6.35 mm) were kept constant.
4.8.3 Model validation
Figure 4.7(c) to 4.7(e) present the post-processing strain distribution of the FE model.
Based on the plastic strain distribution along a given failure path of the model, the joint
failure mode was defined. For example, for net-section failure, plastic strains are developed
across the centerline of the bolt-hole in the net-section path (Figure 4.77c). For shear tear-
out failure presented in Figure 4.7(d) plastic strains are developed between the side of the
bolt-hole up to the free end edge of the plate while in bearing failure presented in Figure
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4.7(e), plastic strains are limited ahead of the bolt hole in the bearing path and barely
reach the free end edge of the plate.
In Figure 4.8, the typical force displacement curves obtained in the FE analysis are com-
pared to that of experimental results. In general, no significant difference in the failure
loads are observed between the three different models. In Figures 4.8(a) and 4.8(b) it can
be observed that the elastic portion of the force-displacement history of FE-3DAS is stif-
fer than that of FE-3DA and FE-2DA. On the other hand, it can be observed that the
curves of FE-3DA and FE-2DA in Figures 4.8(a) to 4.8(d) are quite consistent with that
of experimental results up to the peak load at which the FE models stop. Therefore, the
simplified 2D (FE-2DA) and 3D (FE-3DA) models will be used for the rest of the study.
In Table 4.4, the ultimate loads and failure modes obtained from simplified 2D and 3D
Figure 4.8 – Typical force-displacement curves of the experimental compared to finite
element models : (a) S15E15T3, (b) S25E25T6, (c) S30E30P30T6, (d) S30E30G60T3
FE analyses of one and two bolts connections are compared to the average failure loads
obtained in the experimental analysis. As it can be observed, both 2D and 3D results are
in good agreement with experimental results, FE failure loads are mostly conservative.
The ratios of experimental to predicted results are within 11% difference for 3D and 2D
models. The observed FE failure modes were also consistent with the experimental failure
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mode. Therefore, the 3D and 2D models are enough reliable to be used for the parametric
analysis.
Table 4.4: Experimental test results compared to predicted results .
Pexp Exp. 3D PFE FE Pexp/P3DFE 2D PFE Pexp/P2DFE
(kN) FM (kN) FM (kN)
S15E15T3 22.4 S 21.6 S 1.04 20.6 1.09
S15E15T6 39.6 S 39.7 S 0.99 38 1.04
S15E15T9 57.1 S 56.4 S 1.01 58.7 0.97
S15E20T6 52.6 N 52.9 N 0.99 47.3 1.11
S25E25T6 69.4 B 71.5 B 0.97 69.8 0.99
DS15E15T6 45.6 S 42.3 S 1.08 41.4 1.1
S25E30P30T6 95 N 98.3 N 0.97 102.8 0.92
S30E30P30T6 120.2 N 117.6 N 1.02 115.1 1.04
S30E30G60T3 86.84 B 88.3 B 0.98 85.6 1.01
Average 1.01 1.03
Standard deviation 0.04 0.06
4.9 Parametric simulation and analysis of the results
Following the satisfactory agreement between 2D, 3D FE models and experimental results,
a parametric study was carried out. The results obtained from the parametric simulation
are presented in Figure 4.10, Tables 4.5 and 4.6.
Table 4.5: FE results for one-bolt connection
(t=6.35 mm and d=12.7 mm).
One-bolt (1X1) failure load (kN)/failure mode
e/d
s/d 1.5 2 3 4 5
1.5 41.4/S 47.3/N 49.6/N 49.5/N 49.6/N
2 45.7/S 56.2/S 66.3/N 66.5/N 66.8/N
3 43.9/S 58.5/S 79.1/B 89.3/B 90.4/B
4 39.3/S 59.0/S 79.7/B 93.1/B 95.7/B
5 40.4/S 62.2/S 79.8/B 93.0/B 93.8/B
4.9.1 Effect of plate thickness in one-bolt connection
The effect of plate thickness on the joint strength were analysed by keeping the material
properties (F0.2=279 MPa, Fu=310 MPa, ǫ0.2=0.4% and ǫfu =10%) and e = s = 1.5d
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Table 4.6: FE results for two-bolt connection (t=6.35 mm and d=12.7 mm) .
Two-bolt(1X2) failure load (kN)/failure mode Two-bolt(2X1) failure load (kN)/failure mode
p/d g/d
s/d e/d 2 3 4 5 s/d e/d 2 3 4 5
1.5 48.4/N 48.4/N 48.4/N 48.4/N 1.5 69.0/S 103/S 101/S 96.7/S
2 48.4/N 48.4/N 48.4/N 48.4/N 2 79.1/N 109N 130/K 133/K
1.5 3 48.4/N 48.4/N 48.4/N 48.4/N 1.5 3 83.9/N 111/N 136/K 152/K
4 48.4/N 48.4/N 48.4/N 48.4/N 4 84.9/N 112/N 140/N 148/N
5 48.4/N 48.4/N 48.4/N 48.4/N 5 85.7/N 111/N 140/N 160/N
1.5 71.5/N 73.0/N 73.0/N 73.0/N 1.5 76.5/S 114/S 109/S 105/S
2 72.4/N 73.5/N 72.7/N 72.1/N 2 75.9/K 108/K 123/B 122/B
2 3 72.9/N 73.8/N 74.0/N 72.4/N 2 3 91.7/K 125/K 145/B 155/B
4 73.2/N 73.7/N 72.9/N 72.8/N 4 91.2/K 126/K 148/B 168/B
5 73.0/N 73.5/N 72.7/N 72.2/N 5 92.0/K 128/K 147/B 168/B
1.5 88/N 106/N 111/N 111/N 1.5 81.0/S 99.3/S 111/S 120/S
2 102/N 106/N 112/N 112/N 2 89.7/K 118/K 134/B 153/B
3 3 106/N 115/N 115/N 116/N 3 3 110/K 139/K 159/B 173/B
4 106/N 116/N 116/N 115/N 4 125/K 156/K 168/B 185/B
5 109/N 115/N 117/N 115/N 5 135/K 170/K 175/B 184/B
1.5 93.2/B 111/B 117/B 135/B 1.5 85.6/S 112/S 113/S 115/S
2 113/B 125/B 138/B 142/B 2 87.2/K 128/K 139/B 133/B
4 3 129/B 137/B 137/B 142/B 4 3 113/K 146/K 160/B 174/B
4 136/B 137/B 140/B 141/B 4 118/K 154/K 185/B 177/B
5 137/B 137/B 141/B 143/B 5 123/K 166/K 189/B 172/B
1.5 90.7/B 105/B 117/B 115/B 1.5 85/S 115/S 114/S 117/S
2 112/B 133/B 143/B 164/B 2 81.7/K 115/K 130/B 127/B
5 3 132/B 151/B 156/B 162/B 5 3 119/K 146/K 162/B 174/B
4 154/B 158/B 165/B 180/B 4 128/K 158/K 177/B 176/B
5 151/B 167/B 165/B 162/B 5 133/K 164/K 180/B 185/B
Failure modes: N: net-section; B: bearing; S: shear; K: block shear
constant with varying values of t (t=3.175 mm, 6.35 mm, 9.525 mm, 12.7 mm, 15.875
mm, 19.05 mm, 25.4 mm). Results obtained from this simulation are presented in Figures
4.9. Figure 4.9(a) shows the plastic strain distributions of S15E15T25, S15E15T12 and
S15E15T3. Failure occurs by shear tear-out regardless of the size of the plate thickness.
In Figure 4.9(b), it can be observed that the relationship between the plate thickness and
the joint strength is to a certain extent linear in the model. The experimental results
obtained for S15E15T3, S15E15T6 and S15E15T9 are also presented in this figure. It
was observed experimentally that the relationship between the plate thickness and the
average joint strength was not perfectly linear. However, by tracing all the data obtained
experimentally for these configurations in Figure 4.9(b), the linear relationship between
the plate thickness and the joint strength is an acceptable simplification. The possible non-
linearity of this relationship would need to be studied with additional experimental tests.
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In particular, for plates with large thicknesses, which are realistic in the context of bridge
construction, no experimental data was found in the literature and therefore the numerical
results proposed in this study would need to be further studied with experimental tests to
confirm the trends observed.
For the evaluation of the optimum parameter, the linear relationship between the bolt dia-
meter and the plate thickness was assumed as demonstrated by the experimental study of
Wang et al. (2011) and section 4.9.1. Results obtained from the FE analysis and presented
in Tables 4.5 and 4.6 were used to extrapolate the strength of connections with different
plate thicknesses and bolt diameters. Tables 4.7 to 4.9 present the proposed optimum for
values of 6.35 mm≤ t ≤25.4 mm and 12.7 mm≤ d ≤25.4 mm. In these tables, cells with
no value are those from which the plate thickness could not sustain the capacity of the
bolts or which required a side-distance larger than the maximum recommended values of
both EC9 (1999) and AASHTO (2010) and from which the ratio of Ant/Agt > 0.85. The
following paragraphs described some of the important results obtained in the parametric
simulation and the criteria behind the choice of optimum parameters.
Figure 4.9 – Effect of plate thickness on the joint strength : (a) failure modes, (b)
Relationship Failure Load-Plate thickness
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4.9.2 Optimum end-distance (e) and side-distance (s) in one-
bolt connection
Figure 4.10(a) presents the effects of the end-distance (on the positive x-axis) and the
side-distance (on the negative x-axis) on the failure load for one-bolt joint as obtained by
the FE analysis for t=6.35 mm and d=12.7 mm. The predicted strengths of the one-bolt
joint using the maximum and minimum e and s recommended by EC9 (1999) were also
evaluated and are presented in this figure. These minimum are equal to 1.2d for s and e
while the maximum is 4t+40 mm for both s and e which corresponds to 5.15d for t=6.35
mm and d=12.7 mm. FE results show an increase of the joint capacity with the increase
of s and e up to a limit value of 3d and 4d respectively. Table 4.5 shows the FE results of
one-bolt connection. It can be observed that the strength of the connection is governed by
net-section failure at s < e, shear tear-out failure for e ≤ s ≤ 2d and bearing failure for
e and s > 2d. Comparisons between the strength obtained from FE analysis at the limits
of 3d and 4d for s and e respectively reveals that the measured gain is 33% and 75%
higher than the predicted strength at maximum and minimum values recommended by
EC9 (1999). These values are consistent with the maximum values recommended by EC9
(1999), which are 5.15d (4t+40 mm) for both s and e. For design consideration, design
references such as CSA-S157 (2007) suggest to limit the bearing strength of a connection
with e > 2d to that of 2d. Figure 4.10(a) shows that this restriction is acceptable for
s lower than 2d. Above this, such restriction underestimates the bearing strength of a
one-bolt connection. From Table 4.5, the values of s=2d and e=3d were found sufficient
to improve the connection strength to that of one bolt A325 nominal shear strength with
d=12.7 mm and t=6.35 mm. With the value of s=2d, the ratio of Ant/Agt = 0.75 which
is lower than the limit ratio of 0.85 is obtained. The optimum parameters of one-bolt
with varying bolt sizes, plate thickness and bolt grade are presented in Table 4.7. It can
be observed that optimum values are related to the bolt diameters, bolt grade and plate
thickness. For bigger bolt size (d=25.4 mm) or A490 bolt grade, these optimums can reach
the limit of 3d and 4d for s and e respectively with Ant/Agt < 0.85.
4.9.3 Evaluation of the optimum geometric parameters for two-
bolt joint in a column
Figure 4.10(b) presents the effects of geometric parameters for the joint with two bolts pa-
rallel to the loading direction, as obtained from the FE analysis for t=6.35 mm and d=12.7
mm. The predicted strengths of the two-bolt joint using the maximum and minimum e,
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Figure 4.10 – Effect of :(a) end-distance and side-distance on one bolt, (b) end-distance
and side-distance on 2-bolt in a column, (c) end-distance and side-distance on 2-bolt in a
row
s and g recommended by EC9 (1999) are also presented. The maximum and minimum e
and s are the same as in one-bolt joint while the limit values of p are : 2.4d ≤ p ≤ 7d
(14t). On the positive x-axis of Figure 4.10(b), the effect of e with s=1.5d, 3d and 4d
and varying pitch (p=2d to 5d) is depicted. Except for s ≥ 4d, it can be observed that at
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Table 4.7: Optimum parameters for one-bolt connection .
Bolt t d=12.7 mm d=15.9 mm d=19.05 mm d=25.4 mm
grade (mm) e/d s/d e/d s/d e/d s/d e/d s/d
6.35 1.5 1.5 2 1.5 2 1.5 2.5 2.5
A307 9.53 1.5 1.5 1.5 1.5 1.5 1.5 2 1.5
12.7 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
25.4 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
6.35 3 2 3.5 2.5 - - - -
9.53 2 1.5 2 2 2.5 2.5 4 3
A325 12.7 1.5 1.5 2 1.5 2 1.5 2.5 2.5
15.88 1.5 1.5 1.5 1.5 1.5 1.5 2 2
19.05 1.5 1.5 1.5 1.5 1.5 1.5 2 1.5
25.4 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
6.35 3 3 - - - - - -
9.53 2 2 3 2 3.5 2.5 - -
12.7 1.5 2 2 2 2.5 2 3.5 2.5
A490 15.88 1.5 1.5 2 1.5 2 1.5 3 2
19.05 1.5 1.5 1.5 1.5 2 1.5 2 2
22.22 1.5 1.5 1.5 1.5 1.5 1.5 2 1.5
25.4 1.5 1.5 1.5 1.5 1.5 1.5 2 1.5
e ≥ 2d, e has a negligible effect on the joint strength. This value of 2d is consistent with
the minimum limit of e recommended by AASHTO (2010). For a constant value of s, the
observed increase in strength is related to the increase of the pitch-distance up to p=3d.
Above this value, the plateau indicates that with the increase of e and p, the joint strength
continues to increase with s. This last effect is represented on the negative x-axis for a
constant value of e=3d. It is shown that the increase of the joint strength is consistent
with the increase of the side-distance. From s=1.5d to 3d, p has no effect on the joint
strength. This is because the net-section strength governs this value as shown in Table
4.6 for 1X2 configuration. Above s=3d, the effect of p becomes evident while s remains
the main parameter affecting the joint strength. FE results presented in Table 4.6 for 1X2
configuration reveal that the failure mode occurs by bearing for s > 3d. The effect of (e)
on the joint strength as calculated with EC9 (1999) shows that limiting the value of s to
the minimum values (s=1.5d) will limit the strength of the two-bolt joint in a column
to that of one-bolt joint with similar width. Similar interpretation can be obtained from
FE results. For example in Table 4.5 for s=1.5d, e=2d, the load of one-bolt connection
is equal to 47.8 kN. In Table 4.6, for two-bolt in a column, s=1.5d, p=3d, failure load is
equal to 48.4 kN. Therefore, the choice of s should be consistent with the number of bolts
in the column and the plate gross area (Agt). For this configuration, s=3d was found suffi-
cient to improve the joint strength to the nominal capacity of the two bolts in shear. This
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value is lower than the maximum limit recommended by EC9 (1999), although 9% higher
than that of AASHTO (2010). On the other hand, the ratio of Ant/Agt = 0.82 < 0.85 is
obtained. With this choice of s, the values of p and e can therefore be limited to 3d and
2d respectively for t=6.35 mm and d=12.7 mm. The optimum parameters of two-bolt in
a column with varying bolt sizes, plate thickness and bolt grade are presented in Table
4.8. The optimum value of s is found to vary with the plate thickness and the strength of
the bolts and should be limited to 4d although at this value, Ant/Agt = 0.86.
Table 4.8: Optimum parameters for two-bolt in column .
Bolt t d=12.7 mm d=15.9 mm d=19.05 mm d=25.4 mm
grade (mm) p/d s/d p/d s/d p/d s/d p/d s/d
6.4 2 2 2 3 2 3 2 4
A307 9.5 2 1.5 2 1.5 2 2 2 3
12.7 2 1.5 2 1.5 2 1.5 2 2
25.4 2 1.5 2 1.5 2 1.5 2 1.5
6.4 3 3 - - - - - -
9.5 2 3 2 3 2 4 - -
A325 12.7 2 2 2 3 2 3 2 4
15.9 2 1.5 2 2 2 3 2 3
19.1 2 1.5 2 1.5 2 2 2 3
25.4 2 1.5 2 1.5 2 1.5 2 2
9.5 2 3 3 4 - - - -
12.7 2 3 2 3 2 4 - -
A490 15.9 2 2 2 3 2 3 2 4
19.1 2 1.5 2 2 2 3 2 3
22.2 2 1.5 2 2 2 2 2 3
25.4 2 1.5 2 1.5 2 2 2 3
4.9.4 Evaluation of the optimum geometric parameters for two-
bolt joint in a row
Figure 4.10(c) presents the effects of joint parameters for two bolts in a row, as obtained
from the FE analysis for t=6.35 mm and d=12.7 mm. The predicted strengths of the two-
bolt joint using the limit values recommended by EC9 (1999) are also presented. These
limit values of g are 2.4d ≤ g ≤ 7d (14t). The effect of e presented on the positive x-axis is
evaluated by considering a 3d side-distance with varying end-distance (e=1.5d to 5d) and
gage-distance (g=2d to 5d). It can be observed that both g and e have an effect on the
joint strength. The effect of e becomes negligible at 4d with g > 3d while the joint strength
continues to increase with the gage-distance. The effect of s with a constant e=3d, varying
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side-distance (s=1.5d to 5d) and gage-distance (g=2d to 5d) is shown on the negative
x-axis of Figure 4.10(c). It can be observed that the joint strength increases with s up
to 3d while it continues to increase with g. At minimum recommended values of s and g,
the predicted strength of the connection is governed by net-section failure. At maximum
recommended values, bearing is the predicted failure mode. FE results presented in Table
4.6 for 2X1 configuration show that block-shear and bearing are the observed failure modes
for s ≥ 2d while net-section failure is observed with narrow side-distance (s=1.5d) and
shear tear-out failure for short end-distance (e=1.5d). With e=3d, limiting s and g to the
minimum values recommended by EC9 (1999) (s=1.2d and g=2.4d) limits the predicted
nominal strength to that of the one-bolt joint with similar width. However, with the
same end-distance, increasing s to 3d and simultaneously considering g=3d improve the
predicted nominal strength to that of the two bolts (A325). With these values, the ratio
of Ant/Agt = 0.78 which is lower than the limit of 0.85 is obtained. From values reported
in Table 4.6 and the above analysis, e=3d, s=3d and g=3d are proposed for d=12.7 mm
and t=6.35 mm. The proposed values are between the limits recommended by EC9 (1999)
although e and s are 9% above the maximum recommended by AASHTO (2010). The
optimum parameters of two-bolt in a row with varying bolt size, plate thickness and bolt
grade are presented in Table 4.9. It is shown that for s=3d, the proposed optimums can
reach the limit of g=5d and e=3d. However, for this value of g, the Ant/Agt = 0.82.
Table 4.9: Optimum parameters for two-bolt in row (s=3d) .
Bolt t d=12.7 mm d=15.9 mm d=19.05 mm d=25.4 mm
grade (mm) g/d e/d g/d e/d g/d e/d g/d e/d
6.4 2 1.5 2 1.5 3 1.5 3 3
A307 9.5 2 1.5 2 1.5 2 1.5 2 2
12.7 2 1.5 2 1.5 2 1.5 2 1.5
25.4 2 1.5 2 1.5 2 1.5 2 1.5
6.4 3 2.75 4 3 - - - -
9.5 3 1.5 3 2 3 3 5 3
A325 12.7 2 1.5 2 1.5 3 1.5 3 3
15.9 2 1.5 2 1.5 2 1.5 3 2
19.1 2 1.5 2 1.5 2 1.5 3 1.5
6.4 4 3 - - - - - -
9.5 4 1.5 4 2 4 3 - -
A490 12.7 2 1.5 3 3 3 2 4 3
15.9 2 1.5 3 1.5 3 1.5 3 3
19.1 2 1.5 2 1.5 2 1.5 3 2
22.2 2 1.5 2 1.5 2 1.5 3 1.5
4. Effet de parame`tres ge´ome´triques des assemblages boulonne´s aluminium-acier 84
4.10 Conclusion
The aim of this study was to critically examine the recommendations of three design refe-
rences namely EC9 (1999), AASHTO (2010) and CSA-S157 (2007), to evaluate the maxi-
mum geometric parameters beyond which no major increase of joint strength is observed
and to propose optimum geometric parameters for one-bolt and two-bolt connections. The
chosen optimum was based on the values at which the shear strength of the three grades
of bolt (A307, A325, and A490) is reached and on the limit of Ant ≤ 0.85Agt. It was
found that the joint geometric parameters have a high impact on the load performance
and failure mode. In summary :
– For one-bolt configuration, experimental analysis on aluminum-to-steel connections shows
that to achieve bearing failure, e and s should not be less than 2.5d. Above this, bearing
damage was observed on the steel plate and on the bolt. It was shown from the finite
element analysis that maximizing the geometric parameters can result in an increase of
the joint strength of more than 75% compared to the minimum values recommended
by the design references. Although maximum e and s was observed at 4d and 3d res-
pectively, the optimum values were found to be related to the bolt diameter, bolt grade
and plate thickness. The proposed optimum were within the limit of EC9 (1999) and/or
AASHTO (2010) recommended values and the ratio of Ant/Agt < 0.85.
– For two-bolt connections in a column, it was observed from the experimental study
that pure bearing failure is not likely to occur. The pitch p=3d was found sufficient
to sustain the joint and prevent the failure between the holes. Finite element analysis
indicates that the side-distance is the main parameter that controls the strength of the
connection. Limiting the side-distance to the minimum recommended value s=1.5d was
found to limit the strength of two bolts in a column to that of the one bolt connection.
The effect of p was evident after 3d while e > 2d was found to have limited effect on
the joint strength. For this configuration, the proposed optimum parameters should be
taken at e=2d, p=3d while s varies with the plate thickness and the nominal shear
strength of the bolts and should be limited to 4d although at this value, Ant/Agt = 0.86.
– For the configuration with two bolts in a row, the strength of the connection was found
to increase with s and e up to the limit value of 3d and 4d respectively. The increase
of the joint strength was consistent with the increase of g. With the proposed optimum,
the strength of connection reached the nominal shear strength of the bolts and the ratio
of Ant/Agt was less than 0.85.
– Compared to double-lap connection, the effect of the out-of-plane deformation observed
experimentally in the single-lap configuration with s=1.5d and e=1.5d did not change
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the failure mode of the aluminum specimen. However, restraining the joint eccentricity
with a double-lap configuration was found to slightly improve the joint strength. Out-
of-plane deformation was more pronounced in connection with long end-distance and
thinner plate.
– Predicted failure modes were not always consistent with experimental failure mode. In
most cases, bearing was found to govern the strength of the connections. The calculated
bearing strengths were found to underestimate significantly the connection strength.
Compared to EC9 (1999) and AASHTO (2010), CSA-S157 (2007) was found to provide
a better prediction of the failure mode and failure load of the connections.
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Contribution au document : En re´ponse au deuxie`me objectif de cette the`se, cet
article est axe´ sur l’analyse critique des e´quations de dimensionnement des assemblages
boulonne´s en aluminium recommande´s par des re´fe´rences de conception. Contrairement
a` l’article 1 pre´sente´ au chapitre 4, cette analyse critique ne se limite pas seulement aux
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rupture par ovalisation excessive et par traction et cisaillement combine´s pourraient eˆtre
ame´liore´es. Sur la base des re´sultats expe´rimentaux publie´s et d’e´le´ments finis disponibles,
les e´quations 5.14 et 5.16 sont propose´es. Ces propositions sont une re´ponse au troisie`me
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Note : A` la suite de l’ame´lioration du mode`le d’e´le´ments finis, les re´sultats pre´sente´s au
tableau 5.2 diffe`rent quelque peu de ceux qui ont e´te´ publie´s. Cependant cette diffe´rence
n’affecte pas l’analyse critique et les e´quations de pre´diction qui ont e´te´ propose´es.
Re´sume´ :
Ces dernie`res anne´es, l’utilisation de l’aluminium dans les applications du ge´nie civil a aug-
mente´. Ceci est duˆ a` leur le´ge`rete´, a` leur re´sistance e´leve´e et a` la re´sistance a` la corrosion.
Cependant la capacite´ d’une structure peut eˆtre limite´e par la capacite´ de la connexion.
Trois codes de conceptions a` savoir : the Strength design in aluminum/Commentary on
CSA S157-05 (CSA-S157, 2007) au Canada, Aluminum Design Manual (ADM, 2010) aux
USA et Eurocode 9 (EC9, 1999) en Europe donnent quelques recommandations sur le
processus de dimensionnement des assemblages en aluminium. Cependant, ces recomman-
dations de conception sont similaires a` celles pour l’acier, car les deux mate´riaux ont le
meˆme comportement structural. Dans cet article, les re´sistances nominales aux e´tats li-
mites ultimes qui incluent les re´sistances en section nette, en cisaillement, en traction
et cisaillement combine´es et en pression diame´trale recommande´e pas ces re´fe´rences de
conceptions sont analyse´es. Les e´quations de re´sistances nominales sont propose´es. Les
formulations propose´es sont en bon accord avec les re´sultats expe´rimentaux et d’e´le´ments
finis.
Abstract :
In the past years, the use of aluminum material has increased in civil engineering appli-
cation. This is due to their light weight, high strength and corrosion resistance. However,
the capacity of a member may be limited by its capacity at connection. Three design
references, namely the Strength design in aluminum/Commentary on CSA S157-05 (CSA-
S157, 2007) in Canada, the Aluminum Design Manual (ADM, 2010) in USA and Eurocode
9 (EC9, 1999) in Europe provide some basic insights into the design procedure of alumi-
num connection. However, these design provisions are found to mimic that of steel as both
materials share similar structural behaviors. In this research paper, the nominal strength
predictions for failure modes which include net-section, shear, bearing, and block shear,
as provided by these references are reviewed. Design predictions are compared with ex-
perimental and finite element test results. Finally, based on empirical and finite element
analysis, nominal strength design equations are proposed. The proposed formulations are
in good agreement with experimental and finite element results.
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5.2 Introduction
This paper is a continuation of an ongoing study on aluminum bolted connections. In ano-
ther paper (Tajeuna et al., 2011), experimental analysis on one-bolt and two-bolt connec-
tions were presented. In this paper, an investigation of the nominal strength prediction of
bolted joints by three design references is presented. The aim is to evaluate their validity
and limitation since they are known to mimic design recommendation in structural steel
work.
In Canada, the current design method recommended for aluminum structures is found in
Strength design in aluminum/Commentary on CSA S157-05 (CSA-S157, 2007). In USA,
Allowable stress design (ASD) and Load and Resistance Factor Design (LRFD) for buil-
ding and similar type of structures have been published by the Aluminum Association
in Aluminum Design Manual (ADM, 2010). In Europe, recommendations for aluminum
design are found in Eurocode 9 Clause 8 (EC9, 1999). These manuals provide some basic
insights into the design procedure and structural requirements when designing with alu-
minum member.
Among the possible joining techniques such as, bolting, bonding, welding or hybrid connec-
tion (association of two or more joining techniques), bolting appears to be the most prac-
tical choice as it can be easily assembled and disassembled. However the presence of hole
introduces excessive stress through which failure can be generated. When the components
are axially loaded, bearing, shear, net-section and block shear are the four possible fai-
lure modes in which bolted joint can fail. Figure 5.1 illustrates these four possible failure
modes.
Figure 5.1 – Failure modes : (a) Bearing, (b) net-section, (c) shear, (d) or (e) or (f) block
shear [(Mottram et Zafari, 2011) modified version]
These different failure modes depend on the geometry of the joint. A typical bolted joint is
presented in Figure 5.2. As presented on this figure, the geometric parameters of a bolted
connection include : the end distance (e), the side distance (s), the pitch (p), the gage
(g) the hole diameter (dh), the bolt diameter (d), the plate thickness (t or t1, t2 for plates
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with different thickness), the width (w), the number of bolts in the row (n), the number
of bolts in the column (m), the total number of bolts in the connection (N ), the number
of shear plane (x ) and the total connection shear length (Lv).
Figure 5.2 – Typical bolted joint in double lap configuration (x=2, N=6, n=2, m=3)
[(Zafari et Mottram, 2011) modified version]
5.3 Available design equations
5.3.1 Bearing failure
Bearing failure shown in Figure 5.1(a) is characterised by an excessive elongation of the
bolt’s hole. In a single bolt joint, this type of failure is prevented when sufficient end and
side distances are adopted. It is the most recommended failure mode as it occurs in a more
ductile way. In CSA-S157 (2007) and ADM (2010) design codes, bearing strength provision
is limited to single bolt connections. CSA-S157 (2007) and ADM (2010) recommended
taking bearing strength (Br) as the least of :
Pbr = e.t.Fu (5.1)
Pbr = 2.d.t.Fu (5.2)
In EC9 (1999), factors related to the end, the side, the gage and the pitch distances are
considered in the bearing strength design (Equation 5.3). To prevent bearing failure to
develop, EC9 (1999) requires that the side distance should not be less than 1.5dh and the
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gage distance not less than 3dh . The bearing strength is given by :
Pbr = αb.k1.d.t.Fu (5.3)
where :
αb =


αd,
Fub/Fu
1
with
αd =
e
3dh
for outside bolt
αd =
p
3dh
− 0.25 for inside bolt
and
k1 = min
{
2.8 s
dh
− 1.7,
2.5
for external bolt
k1 = min
{
1.4 g
dh
− 1.7,
2.5
for internal bolt
Fub is the connector (bolt) strength.
Bearing strength of a single bolt joint was computed by Zhang et al. (2006), Sharp (1993)
and Menzemer et al. (2002) as presented in Equations 5.4, 5.5, 5.6 respectively.
Pbr = (0.85e/dh + 0.5) d.t.Fu (5.4)
Pbr = (0.6e/dh + 0.9) d.t.Fu (5.5)
Pbr = 1.2 (e/d− 0.5) d.t.Fu (5.6)
5.3.2 Net-section failure
Net-section failure presented in Figure 5.1(b) occurs by a fracture of the plate across the
bolt hole in the direction perpendicular to the applied load (net-section). When failure is
predicted to occur in the net-section, all three design references establish the corresponding
strength Tr as presented in Equation 5.7.
Pt = (w − n.dh) t.Fu (5.7)
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5.3.3 Shear failure
Shear failure presented in Figure 5.1(c) is characterised by two failure paths extending
from the bolt hole to the plate end in the loading direction. In CSA-S157 (2007), ADM
(2010) and EC9 (1999), there is no clear guideline of the shear strength design prediction.
This is probably due to the fact that shear is a particular case of block shear failure.
Therefore, it is assumed that block-shear strength in these three design codes can also be
applied to shear strength.
5.3.4 Block shear failure
Block shear shown in Figure 5.1(d), 5.1(e) and 5.1(f) is characterised by the failure of
the connected plate around a bolt group. In the CSA-S157 (2007) design manual, block
shear also called tear-out is defined as the summation of the tensile strength acting on the
net tensile area and shear strength acting on the net shear area. For design consideration,
CSA-S157 (2007) recommends to take the nominal block shear strength as the least value
of Equations 5.8 and 5.9.
Pbs = [(n− 1)(g − dh) + (m− 1)(p− dh) + e].t.Fu (5.8)
Pbs = 2N.d.t.Fu (5.9)
With EC9 (1999) design manual, block shear strength is the summation of the ultimate
strength acting on the tensile failure line and shear yielding on the shear area. The recom-
mended nominal design strength against block shear fracture is given by :
Pbs = Ant.Fu + 0.58Anv.Fy (5.10)
ADM (2010) proposes two design equations for block shear prediction. The first equation
assumes that tension is acting on the net area and shear on the gross area when the
ultimate net tension resistance is greater or equal to the gross shear resistance (Equation
5.11). Otherwise, block shear strength is the summation of gross tension yielding and
ultimate tensile strength on net-shear area (Equation 5.12).
Pbs = Ant.Fu + 0.6Agv.Fy when Ant.Fu ≥ 0.6Anv.Fu (5.11)
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Pbs = Agt.Fy + 0.6AnvFu when Ant.Fu < 0.6Anv.Fu (5.12)
Where, Ant is the net-tensile area, Agt is the gross tensile area, Anv the net shear area,
Agv the gross shear area, Fy the aluminum yield strength and Fu the aluminum ultimate
tensile strength.
To verify the design strength equations listed above, a total of 70 experimental results
reported by Menzemer et al. (1999), Tajeuna et al. (2011), Wang et al. (2011), and Kim
et al. (2012b) were collected. In addition, a two-dimensional (2D) finite element (FE)
analysis was used to increase the available set of data and investigate the strength of
aluminum bolted joints.
5.4 Collection of data through FE
In this section, FE study of joints with varying geometries parameters is presented. The
study was performed with the commercial software ADINA 8.7.3. FE models were first
validated with experimental results conducted earlier (Tajeuna et al., 2011). This analysis
was then followed by a parametric study with varying geometric parameters. The aim was
to evaluate how different geometric parameters affect the joint strength and to provide
a better understanding on the failure mode process. The following described the analysis
assumption and discussed the results obtained from the FE analysis.
5.4.1 FE analysis assumption and model validation
Aluminum was modeled as a material with a non-linear isotropic stress-strain behavior.
The material properties of the aluminum plate obtained from experimental work were
taken as : (Fu=310 MPa, ǫu=0.11 mm/mm) and (Fy=274 MPa, ǫy=0.0042 mm/mm). To
reduce the iteration process, the bolt was modeled as a rigid half cylinder. Contact between
the bolt and the plate was modeled by a contact feature available in ADINA. The contact
interface was generated as a pair of surface elements. On this interface, a bolt was defined
as a target surface and the bolt-hole as a contactor surface. This assumption was based
on the fact that the elastic modulus of the steel bolt is greater than that of aluminum
plate. No boundary condition was applied on this interface. For model verifications, joints
parameters considered in experimental analysis performed by Tajeuna et al. (2011) were
first evaluated. Configurations with one (1X1) and two (1X2) bolt(s) in a column were
considered. For the one-bolt joints, the width (w) and the end-distance (e) were taken
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as : (e =1.5d ; w =3d), (e =2d ; w =3d) and (e =2.5d ; w=5d). In the two-bolt joint,
the end (e) and the pitch (p) distances were taken at 3d while a 5d and 6d width were
consecutively considered. For every configuration dh was taken at 12.7 mm. A quadrilateral
9 nodes per element was considered for plate meshing. A uniform pressure of 300 MPa
was applied in the longitudinal z axis of the far end plate edge. The external load was
incrementally applied on the structure until the convergence was reached. The load to
which the structure diverges was the maximum capacity that the structure can support.
Typical mesh for the FE analysis is shown in Figure 5.3(a). The post-processing deformed
shape and comparison between experimental and FE results are presented in Figure 5.3(b)
and 5.3(c) respectively. As it can be observed, reasonable estimation is accomplished with
the finite element model. Results are mostly conservative. The ratios of experimental to
predicted results are within a 10% difference.
(a)
(b) (c)
Figure 5.3 – (a) Typical 2D model, (b) post-processing deformed shapes and (c)
Experimental versus FE results
5.4.2 Parametric simulation, results and discussion
Following the satisfactory agreement between FE model and experimental results, a pa-
rametric study was carried out using varying joint geometries. Joint configurations with
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single bolt (1X1), two bolts in a column (1X2) and two bolts in a row (2X1) were consi-
dered. Modelling assumption described above was used for this analysis. The parameters :
(e), (s), (p) and (g) were consecutively changed while the bolt hole was kept constant.
Figure 5.4(a), 5.4(b) and 5.4(c) present the results obtained from the parametric simula-
tion. The FE results are reported in Tables 5.1 and 5.2.
In one-bolt connections (1X1), the results presented in Figure 5.4a show an increase of the
joint capacity when the end (e) and side (s) distances increase from 1d to 3d. The mea-
sured gain between (s=3d, e=1d) and (s=3d, e=3d) is around 70% for example. Above
these geometric parameters, there is no significant increase in the joint strength.
In the configuration with two bolts in a single column (1X2), results presented in Figure
5.4b show that the side-distance and the end-distance have more effect on the joint strength
than the pitch. For example, if we considered a configuration with a 5d side distance and
a 5d end distance, the increase in the joint capacity is nearly 20% when the pitch dis-
tance increases from 2d to 5d. However, an increase of over 30% of the joint capacity is
observed with a 3d pitch when the side distance increases from 2d to 4d with minimum
end-distance equal to 2d. On the other hand, the effect of the end distance on the joint
strength becomes relevant only above a 3d side distance. This is because net-section failure
occurs at a lower side distance. In case where the side distance is no longer critical, the
joint strength becomes dependent of the pitch and the end distance.
For configurations with two bolts in a single row (2X1), effects of gage, side and end dis-
tance on the joint strength are presented in Figure 5.4(c). Results show that above a 3d
side distance, the joint strength is mostly affected by the end and the gage distance. The
measured gain is about 40% when the end distances range from 1.5 to 5d and the gage
varies from 2d to 5d. If we considered the effect of the side distance with a 4d end-distance
and gage-distance, results show that this gain is below 30% from 2d to 5d side distance.
In multi-column of bolts, when the side distance is no longer critical, block shear damage
is the predominant mode of failure.
Further insight in the development of block shear damage was investigated by considering
joint configurations with two columns of bolts and one to five rows of bolts (2X1, 2X3, 2X4
and 2X5 joint configurations). The models consist of wide plate with 20d width and 3d
or 3.5d pitch distance. For each configuration, the end-distances were consecutively taken
at 1.5d and 3d and the gage distance varying from 2d to 4d. Figure 5.4(d) presents the
effect of the connection shear length in the joint strength. Results are also presented in
Table 5.3. The joint capacity is found to increase with the increase of the number of bolts.
However this gain is proportional to the connection end-distance. At failure, excessive
stress concentrations were observed at the first row of bolts (Figure 5.4e). The stress ma-
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gnitude gradually decreases toward the plate end-distance. However, for connection with
shorter end-distance (e=1.5d), pronounced stresses were observed at the row close to the
end-distance regardless of the stress distribution at the intermediate row(s). This suggests
that failure was due to fracture in the net tension plane followed by shear damage from
end distance toward the connection first row. For connections with e=3d, failure occurred
in the net tension plane followed by shear yielding in the net or gross shear path.
Table 5.1: Parametric load results (kN)/failure modes of one bolt connections
s/d e/d
1 1.5 2 2.5 3 3.5 4 4.5 5
5 20.6/S 41.4/S 62.2/B 75.0/B 86.0/B 89.0/B 93.1/B 93.2/B 94.7/B
4 24.0/S 45.7/S 59.0/B 74.5/B 85.2/B 88.1/B 93.1/B 94.0/B 95.0/B
3 22.5/S 43.9/S 58.5/B 74.0/B 79.1/B 83.1/B 89.3/B 89.6/B 90.4/B
2.5 22.2/S 39.3/S 57.7/B 62.7/B 71.7/B 79.2/B 79.2/B 79.6/B 80.0/B
2 24.2/S 40.4/S 56.2/B 61.5/N 66.3/N 66.3/N 66.5/N 66.5/N 66.8/N
1.5 21.2/S 37.9/S 47.3/N 49.6/N 49.6/N 49.7/N 49.5/N 49.7/N 49.6/N
1 21.7/M 26.1/N 26.1/N 26.0/N 27.6/N 26.9/N 27.7/N 26.8/N 25.8/N
Failure modes: N: net-section; B: bearing; S: shear; M: mixed
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(a) (b)
(c) (d)
(e)
Figure 5.4 – Parametric simulation results (a) 1X1 configuration, (b) 1X2 configurations
(c) 2X1 configuration, (d) wide connections w=20d, p=3d or 3.5d, (e) Typical deformed
shapes of wide connections
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Table 5.2: Parametric load results (kN)/failure modes of connections with two bolts
connections
(s/d) e/d p/d (s/d) e/d g/d
2 3 4 5 2 3 4 5
1.5 48.4/N 48.4/N 48.4/N 48.4/N 1.5 58/N 79/K 79/K 78/K
2 48.4/N 48.4/N 48.4/N 48.4/N 2 58/N 86/N 94/N 94/N
1.5 3 48.4/N 48.4/N 48.4/N 48.4/N (1) 3 58/N 86/N 109/N 120/N
4 48.4/N 48.4/N 48.4/N 48.4/N 4 59/N 86/N 113/N 132/N
5 48.4/N 48.4/N 48.4/N 48.4/N 5 57/N 84/N 112/N 134/N
1.5 71.5/N 73.0/N 73.0/N 73.0/N 1.5 69.0/S 103/S 101/S 96.7/S
2 72.4/N 73.5/N 72.7/N 72.1/N 2 79.1/N 109N 130/K 133/K
2 3 72.9/N 73.8/N 74.0/N 72.4/N 1.5 3 83.9/N 111/N 136/K 152/K
4 73.2/N 73.7/N 72.9/N 72.8/N 4 84.9/N 112/N 140/N 148/N
5 73.0/N 73.5/N 72.7/N 72.2/N 5 85.7/N 111/N 140/N 160/N
1.5 81/N 93/N 93/N 93/N 1.5 76.5/S 114/S 109/S 105/S
2 95/N 103/N 103/N 103/N 2 75.9/K 108/K 123/B 122/B
(2.5) 3 95/N 103/N 103/N 103/N 2 3 91.7/K 125/K 145/B 155/B
4 95/N 103/N 103/N 103/N 4 91.2/K 126/K 148/B 168/B
5 95/N 103/N 103/N 103/N 5 92.0/K 128/K 147/B 168/B
1.5 88/N 106/N 111/N 111/N 1.5 81.0/S 99.3/S 111/S 120/S
2 102/N 106/N 112/N 112/N 2 89.7/K 118/K 134/B 153/B
3 3 106/N 115/N 115/N 116/N 3 3 110/K 139/K 159/B 173/B
4 106/N 116/N 116/N 115/N 4 125/K 156/K 168/B 185/B
5 109/N 115/N 117/N 115/N 5 135/K 170/K 175/B 184/B
1.5 93.2/B 111/B 117/B 135/B 1.5 85.6/S 112/S 113/S 115/S
2 113/B 125/B 138/B 142/B 2 87.2/K 128/K 139/B 133/B
4 3 129/B 137/B 137/B 142/B 4 3 113/K 146/K 160/B 174/B
4 136/B 137/B 140/B 141/B 4 118/K 154/K 185/B 177/B
5 137/B 137/B 141/B 143/B 5 123/K 166/K 189/B 172/B
1.5 90.7/B 105/B 117/B 115/B 1.5 85/S 115/S 114/S 117/S
2 112/B 133/B 143/B 164/B 2 81.7/K 115/K 130/B 127/B
5 3 132/B 151/B 156/B 162/B 5 3 119/K 146/K 162/B 174/B
4 154/B 158/B 165/B 180/B 4 128/K 158/K 177/B 176/B
5 151/B 167/B 165/B 162/B 5 133/K 164/K 180/B 185/B
Failure modes: N: net-section; B: bearing; S: shear; K: block shear; M: mixed
Table 5.3: Parametric load results (kN)/failure modes of wide connections (w = 20d)
g/d (p/d)
Configuration
(e/d)
2X1 2X2 2X3 2X4 2X5
(1.5) (3) (1.5) 3 (1.5) (3) (1.5) (3) (1.5) (3)
2 (3) 89.5/M 127.6/K 155/K 208.7/K 209.7/K 244.8/K 234.8/K 348.7/K 284/K 312.9/K
3 (3.5) 113.9/K 142.1/K 198.4/K 217.7/K 271.1/K 275.2/K 320.7/K 380.6/K 371/K 391.9/K
4 (3.5) 127.8/K 177.4/K 215.8/K 233.9/K 290.3/K 307.4/K 330.7/K 405.2/K 361/K 437.1/K
Failure modes: K: block shear; M: mixed
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5.5 Verification and improvement of design strength
predictions
In this section, the results from parametric study and those reported from published expe-
rimental studies are compared to nominal strength predicted results by the three references
presented above. For these comparisons, neither partial safety factor (EC9, 1999) nor re-
sistant factor (CSA-S157, 2007; ADM, 2010) are used to evaluate the predicted nominal
strength.
5.5.1 Net-section verification
Net-section strength results calculated using Equation 5.7 are first compared to 25 expe-
rimental results reported by Kim et al. (2012b) and Tajeuna et al. (2011) . These results
are presented in Table 5.4. A good agreement is found between the predicted and ex-
perimental results. 24 out of the 25 predicted results are within ± 5% as compared to
experimental results. In Figure 5.5, 132 FE results obtained from the parametric simu-
lation of models which experienced net-section failure are compared to predicted results.
The analysed configurations include : one-bolt (1X1), two-bolt aligned in a single column
(1X2), and two-bolt arranged in a single row (2X1). Realistic estimation of net section
failure strength was predicted using Equation 5.7. From the 132 predicted results, more
than 90% were within ± 15% as compared to the FE results. The average of PFE/Ppre
ratio was found equal to 1.02 with a 0.09 standard deviation.
Table 5.4: Experimental to predicted net-section strength
(Kim et al., 2012b) Al. 6061-T6 (Tajeuna et al., 2011) Al. 6061-T6
(2X2) (2X2) (1X1) (1X2) (1X2)
Pexp PN (1)/(2) Pexp PN (4)/(5) Pexp PN (7)/(8) Pexp PN (10)/(11) Pexp PN (13)/(14)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)
81.9 81.7 1.0 72.1 69.9 1.0 52.1 51.1 1.0 94.4 94.9 1.0 120.3 119.1 1.0
82.1 81.7 1.0 71.6 69.9 1.0 52.9 51.1 1.0 96.1 94.9 1.0 120.3 119.1 1.0
91.6 81.7 1.1 71.9 69.9 1.0 52.1 51.1 1.0 95.6 94.9 1.0 120.5 120.5 1.0
82.7 81.7 1.0 71.3 69.9 1.0 52.5 51.1 1.0 95.0 94.9 1.0 119.1 119.1 1.0
80.7 81.7 1.0 71.6 69.9 1.0 53.4 51.1 1.0 94.1 94.9 1.0 120.7 119.1 1.0
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Figure 5.5: FE to predicted net-section strengths
5.5.2 Design against bearing
5.5.2.1 Bearing strength verification
Bearing design strengths calculated with Equations 5.1 to 5.6 are compared to 15 expe-
rimental results provided by Wang et al. (2011) and Tajeuna et al. (2011) (Table 5.5).
Based on these set of data, bearing strength equations recommended by design codes ap-
pear to be too conservative. The ratios Pexp/Ppred are between 30% to 50% difference with
EC9 (1999) (column ♯3). CSA-S157 (2007) and ADM (2010) suggest using the least of
Equations 5.1 and 5.2. Results obtained with both Equations were evaluated and with
the available set of experimental data, it was found that, Equation 5.2 tend underesti-
mate the design prediction. The predicted results are within 16 to 70% as compared to
the experimental results (column ♯7). A better estimation is performed using Equation
5.1 (column ♯5). The predicted results are only within 20% as compared to experimental
results. However, Equation 5.2 governs the design prediction leading to an overly conser-
vative bearing strength prediction. Results obtained with Equations 5.4 to 5.6 were also
found to provide reasonable design strength as compared to Equations 5.2 and 5.3. While
the predicted results are still conservative, Zhang et al. (2006) formulation (Equation 5.4)
provided better strength results with a maximum deviation of less than 15% (column ♯9).
5.5.2.2 Development of a new design method
Reported experimental results by Tajeuna et al. (2011) and Wang et al. (2011) were used
to improve the bearing strength prediction for single bolt connection. From the empirical
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analysis presented on Figure 5.6(a), it was found that bearing efficiencies are related to
the bearing path ratios as follows.
Pbr/(d.t.Fu) = 0.95
e
d
+ 0.3 (5.13)
Results obtained with Equation 5.13 are also reported in Table 5.5 (column ♯14). The
maximum measured Pexp/Ppred ratio is less than -10% differences. However, it is to be noted
that this analysis was performed with e/d ratios ranging from 2 to 3. From the parametric
simulation, 69 joints experienced a bearing failure. These joints included configurations
with one-bolt (1X1) and two-bolt in a column (1X2). The end-distance and the pitch
ranged from 2d to 5d. Results obtained in the parametric simulation of joints falling
in bearing show that above e and p=3d, the increase of the joint capacity is no longer
consistent with the increase of the connection shear length (Lv) (see Tables 5.1 and 5.2).
Therefore, when designing for bearing, the maximum (e) and (p) should be taken at 3d
for e and/or p≥3d. The bearing strength of aluminum bolted connection computed for
one-bolt joint was then extended for multi-bolt joints as follows :
Pbr = n.
[
0.95×
(
min
(
3,
e
d
)
+ (m− 1)×min
(
3,
p
d
))
+ 0.3
]
d.t.Fu (5.14)
In Figure 5.6(b) the FE to predicted results are plotted. A reasonable agreement is observed
with Equation 5.14. From the 106 predicted results, approximately 80% of the FE to
predicted results is within ±15% difference. The average of PFE/Ppre ratio was found
equal to 1.07 with a 0.1 standard deviation.
(a) (b)
Figure 5.6 – (a) Bearing path vs. bearing efficiency, (b) FE to predicted bearing strengths
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Table 5.5: Experimental compared to Predicted bearing strength design for (1X1)
Pexp EC9 1/2 CSA(a) 1/4 CSA(b) 1/6 Zhang 1/8 Sharp 1/10 Menzenmer 1/12 Proposed 1/14
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)
Equation [3] [1] [2] [4] [5] [6] [14]
33 23.7 1.39 29.3 1.13 28.4 1.16 31.3 1.06 29.8 1.11 26.6 1.24 32.1 1.03
1X1 39.9 29.6 1.35 36.6 1.09 28.4 1.4 37.3 1.07 34.1 1.17 35.4 1.12 39.1 1.02
(Wang et al., 2011) 47.2 35.5 1.33 44 1.07 28.4 1.66 43.3 1.09 38.4 1.23 44.2 1.07 46 1.03
Al.6061-T6 29.9 22.2 1.35 27.8 1.08 21.3 1.4 28 1.07 25.6 1.17 26.9 1.11 29.6 1.01
48.7 37 1.32 45.5 1.07 35.5 1.37 46.6 1.04 42.6 1.14 44 1.11 48.6 1
70.1 48.3 1.45 62.5 1.12 50 1.4 61.7 1.13 57.3 1.22 60 1.17 66.9 1.05
1X1 69.5 48.3 1.44 62.5 1.11 50 1.39 61.7 1.13 57.3 1.21 60 1.16 66.9 1.04
(Tajeuna et al., 2011) 68.3 48.3 1.41 62.5 1.09 50 1.37 61.7 1.11 57.3 1.19 60 1.14 66.9 1.02
Al.6061-T6 69.2 48.3 1.43 62.5 1.11 50 1.38 61.7 1.12 57.3 1.21 60 1.15 66.9 1.03
69.7 48.3 1.44 62.5 1.12 50 1.39 61.7 1.13 57.3 1.22 60 1.16 66.9 1.04
20.7 14.6 1.42 18 1.15 17.5 1.18 19.2 1.07 18.3 1.13 16.4 1.26 19.7 1.05
1X1 24.7 18.2 1.36 22.5 1.1 17.5 1.42 22.9 1.08 21 1.18 21.8 1.14 24 1.03
(Wang et al., 2011) 29.6 21.8 1.35 27 1.09 17.5 1.69 26.6 1.11 23.6 1.25 27.2 1.09 28.3 1.05
Al.6063-T15 20.2 13.7 1.48 17.1 1.18 13.1 1.54 17.2 1.17 15.7 1.28 16.5 1.22 18.2 1.11
30.8 22.8 1.36 28 1.1 21.8 1.41 28.7 1.08 26.2 1.18 27 1.14 29.9 1.03
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5.5.3 Design against block shear
5.5.3.1 Block shear strength verification
In Table 5.6 experimental results reported by Kim et al. (2012b) and Menzemer et al.
(1999) are compared to predicted results using different block shear equations from dif-
ferent design codes. For this comparison, joint configurations include four, eight and four-
teen bolts arranged in two columns of bolts (2X2, 2X4, 2X7 respectively). EC9, CSA1,
CSA2, AA1 and AA2 refer to results obtained with Equations 5.10, 5.8, 5.9, 5.11 and 5.12
respectively.
In column ♯9, CSA1 is compared to experimental results. It appears that the maximum
deviation is of order of 30% while with CSA2, the maximum deviation is within 30%
(column ♯11). CSA-S157 (2007) recommends using the minimum of Equations 5.8 and 5.9.
Therefore, with the present set of data, CSA1 will govern the design prediction leading
to an overly conservative strength design. As CSA1, predicted results with EC9 appear
to be overly conservative and within 35% as compared to experimental results (column
♯3). AA1 and AA2 provide more realistic strength prediction. The predicted results are
within a range of ±10% with AA1 (column ♯5). However, AA1 is applied if the net tension
strength is larger than or equal to the net shear strength. In case this condition is not
met, AA2 is applied. With the available set of data, AA2 was found to govern the design
prediction. Results appear to be conservative and within ±15% difference (column ♯7).
5.5.3.2 Development of new block shear strength
For this analysis, block shear strength was investigated using multi-bolt connections arran-
ged in a two column of bolts. From data obtained on the parametric simulation and those
collected from experimental studies (Kim et al., 2012b; Menzemer et al., 1999) block shear
strength efficiency was measured. It was found that the shear efficiency in block shear
formulation is related to the connection net-shear path (Lnv) given by Equation 5.15. This
relationship is depicted in Figure 5.7 and is found to be similar to that proposed by ADM
(2010) (Equation 5.12).
PFE − AgtFy
dtFu
= 1.25
Lnv
d
(5.15)
with Lnv
d
= [e− 0.5 + (m− 1)× (p− 1)]/d
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Figure 5.7 – Shear efficiency in block shear resistance
Agt = d.t×min
{
(s/d)× 2, for (e) type failure
(n− 1) (g/d) for (d) type failure
It was also observed from the parametric simulation of 1X1 and 1X2 joint configurations
that above 3d end and 4d pitch distances, there is no significant increase of the joint
strength. Therefore, for design consideration, the end and the pitch distances were set
within the limits presented in the following block shear strength design (Equation 5.16).
This equation is verified for multi-column of bolts with n ≥2 (Figure 5.1, types (d) and
(e) failure modes). Type (f) failure was not observed and yet not analysed in this study.
Pbs = 1.25dtFu×
[
min
(
3,
e
d − 0.5
)
+ (m− 1)×min
(
4,
p
d − 1
)]
+dtFy×min
{
(s/d)× 2,
(n− 1) (g/d)
(5.16)
In Table 5.6, the ratios of experimental to predicted results using Equation 5.16 are compared
(column ♯13). It can be observed that the new design equation provided a better approximation
of the block shear prediction. The maximum deviation remains below 10%. In Figure 5.8(a),
results obtained with Equations 5.12 and 5.16 are compared to FE results. Compared to ADM
(2010), more conservative results are obtained with the proposed design equations.
It was mentioned earlier that shear failure is a particular case of block shear failure. Therefore
Equation 5.8 was used to evaluate the shear strength and reasonable approximation compared
to experimental and FE results were obtained. These results are presented in Figure 5.8(b).
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Table 5.6: Experimental compared to predicted block shear strength design
Pexp EC9 (1)/(2) AA1 (1)/(4) AA2 (1)/(6) CSA1 (1)/(8) CSA2 (1)/(10) Proposed (1)/(12)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
Equation - [10] - [11] - [12] - [8] - [9] - [16] -
84.97 63.88 1.33 79.27 1.07 78.05 1.09 70.2 1.21 93.6 0.91 80.1 1.06
2X2 92.12 69.66 1.32 84.81 1.09 85.07 1.08 76.05 1.21 93.6 0.98 87.41 1.05
(Kim et al., 2012b) 96.73 75.44 1.28 90.35 1.07 92.09 1.05 81.9 1.18 93.6 1.03 94.72 1.02
Al. 6061-T6 102.51 87.01 1.18 101.44 1.01 106.13 0.97 93.6 1.1 93.6 1.1 102.04 1
102.12 98.57 1.04 112.52 0.91 120.17 0.85 105.3 0.97 93.6 1.09 102.04 1
490.5 399.33 1.23 525.81 0.93 469.88 1.04 403.92 1.21 489.6 1 485.95 1.01
529.74 399.33 1.33 525.81 1.01 469.88 1.13 403.92 1.31 489.6 1.08 485.95 1.09
514.04 399.33 1.29 525.81 0.98 469.88 1.09 403.92 1.27 489.6 1.05 485.95 1.06
2X4 516 399.33 1.29 525.81 0.98 469.88 1.1 403.92 1.28 489.6 1.05 485.95 1.06
(Menzemer et al., 1999) 514.04 399.33 1.29 525.81 0.98 469.88 1.09 403.92 1.27 489.6 1.05 485.95 1.06
Al. 6061-T6 598.41 497.25 1.2 623.73 0.96 554.2 1.08 501.84 1.19 489.6 1.22 570.27 1.05
608.22 497.25 1.22 623.73 0.98 554.2 1.1 501.84 1.21 489.6 1.24 570.27 1.07
621.95 497.25 1.25 623.73 1 554.2 1.12 501.84 1.24 489.6 1.27 570.27 1.09
614.11 497.25 1.24 623.73 0.98 554.2 1.11 501.84 1.22 489.6 1.25 570.27 1.08
588.6 497.25 1.18 623.73 0.94 554.2 1.06 501.84 1.17 489.6 1.2 570.27 1.03
882.9 683.91 1.29 905.25 0.98 800.36 1.1 679.32 1.3 856.8 1.03 830.2 1.06
868.18 683.91 1.27 905.25 0.96 800.36 1.08 679.32 1.28 856.8 1.01 830.2 1.05
868.18 683.91 1.27 905.25 0.96 800.36 1.08 679.32 1.28 856.8 1.01 830.2 1.05
2X7 833.85 683.91 1.22 905.25 0.92 800.36 1.04 679.32 1.23 856.8 0.97 830.2 1
(Menzemer et al., 1999) 868.19 683.91 1.27 905.25 0.96 800.36 1.08 679.32 1.28 856.8 1.01 830.2 1.05
Al. 6061-T6 955.49 781.83 1.22 1003.17 0.95 884.68 1.08 777.24 1.23 856.8 1.12 914.52 1.04
961.38 781.83 1.23 1003.17 0.96 884.68 1.09 777.24 1.24 856.8 1.12 914.52 1.05
951.57 781.83 1.22 1003.17 0.95 884.68 1.08 777.24 1.22 856.8 1.11 914.52 1.04
931.95 781.83 1.19 1003.17 0.93 884.68 1.05 777.24 1.2 856.8 1.09 914.52 1.02
971.19 781.83 1.24 1003.17 0.97 884.68 1.1 777.24 1.25 856.8 1.13 914.52 1.06
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(a)
(b)
Figure 5.8 – FE to predicted strength (a) block-shear, (b) shear
5.6 Conclusion
Based on experimental results taken from published articles and finite element results performed
in this study, over 300 set of data were collected. These data were used for a critical analysis of
nominal joint strength prediction of three design codes namely EC9 (1999), CSA-S157 (2007)and
ADM (2010). It was found that net-section design strength provided by these design references
give a satisfactory strength prediction. However, bearing and block shear equations needed to
be improved. From empirical analysis performed with test results obtained from experimental
analysis of one bolt connection, bearing strength of one bolt connection was evaluated. This
equation was extended to multi-bolt connection ; it was found that this new equation is able to
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provide a reasonable approximation of the nominal bearing strength. A semi-empirical equation
of block shear failure was developed based on data collected from experimental results and those
obtained from the parametric simulation. A good approximation was obtained with this new
design strength. Most of the predicted results were found to be conservative and within 10%
difference of experimental results.
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Contribution au document : Comme l’article 1 pre´sente´ au chapitre 4, cet article permet de
re´pondre aux objectifs 1 et 2 de la the`se sur les connexions PRFV-acier. Ces objectifs sont traite´s
a` travers des essais expe´rimentaux et des simulations nume´riques par e´le´ments finis. Ces re´sultats
permettent de cibler parmi les recommandations des parame`tres ge´ome´triques faites par les codes
de conception et les manufacturiers, ceux qui permettent d’obtenir une connexion optimale. On
note que les valeurs de e/d=3, s/d=2 et p/d=4 permettraient d’optimiser de manie`re significative
la re´sistance de la connexion. En outre, on observe que le pas longitudinal p n’a pas un effet
conside´rable sur la re´sistance de la connexion. Par conse´quent, la recommandation de ASCE-
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Re´sume´ :
Cet article pre´sente l’effet des parame`tres ge´ome´triques sur le comportement des plaques pultru-
de´es PRFV boulonne´s pour des applications de ge´nie civil. Apre`s une revue de la litte´rature, les
re´sultats de l’analyse expe´rimentale e´valuant le comportement des connexions PRFV-acier bou-
lonne´es a` simple plan de cisaillement sont pre´sente´s. Par la suite, une analyse par e´le´ments finis
valide´e par des donne´es expe´rimentales est utilise´e pour e´valuer les effets des pinces longitudinale
et transversale, du pas longitudinal et du type de plaques de PRFV sur la charge et le mode
de rupture de la connexion. Un examen critique des recommandations ge´ome´triques propose´es
dans les re´fe´rences de conception est pre´sente´. La rupture par ovalisation excessive cause´e par la
compression du boulon sur la plaque est souvent de´finie comme le mode de rupture souhaitable
dans les assemblages boulonne´s. De cette e´tude, il a e´te´ observe´ qu’avec des plaques fortement
orthotropes, ce type de rupture est moins susceptible de se produire lorsque le chargement est
applique´ dans la direction de pultrusion. Il a e´galement e´te´ observe´ que les valeurs recommande´es
par les re´fe´rences de conception pour la pince et le pas longitudinal permettent d’atteindre la
capacite´ maximale de la connexion. Cependant, il a e´te´ constate´ que la valeur minimale recom-
mande´e par ces re´fe´rences pour la pince transversale ne conduit pas ne´cessairement a` la capacite´
maximale des connexions a` un boulon et/ou a` deux boulons dans une colonne.
Abstract :
This paper presents the effect of geometric parameters on the behavior of bolted GFRP pultruded
plates for civil engineering applications. After a literature review, results of an experimental
analysis investigating the behavior of GFRP-to-steel single-lap bolted connections are presented.
Then, a finite element analysis validated by experimental data is used to evaluate the effects
of the end-distance, side-distance, gage, pitch and plate properties on the strength and failure
mode of the connection. A critical examination of geometric recommendations proposed in design
references is presented. Bearing failure caused by contact of the bolt on the GFRP plate is
usually defined as the preferred failure mode. With highly orthotropic plate, this type of failure
was found to be less likely to occur when loading is applied in the pultruded direction. The
investigation showed that the minimum end-distance and pitch-distance recommended by design
references usually produce a connection with the maximum capacity. However, it was found that
the minimum side-distance recommended by these references does not necessarily lead to the
maximum capacity for one-bolt and for two-bolt in a column connections.
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6.2 Introduction
This study was initiated in the context of developing a high-strength and low-weight emer-
gency repair solution for damaged railway structures. The use of Glass Fibre Reinforced Polymer
(GFRP) pultruded plates was a promising option for this situation, their light weight making
them easy to carry on site. Bolting GFRP plates to steel was viewed as a practical way of provi-
ding temporary repair work that could also be easy disassembled in the future. In addition, high
strength, corrosion resistance, and low maintenance cost would be added benefits if the repair
work had to stay in place for an extended period.
The main objective of this paper is to provide basic information on the static behavior of bolted
joints between GFRP and steel in bridges and other civil engineering structures, to critically
examine the geometric recommendations proposed in design references, and to identify optimum
geometrical parameters to guarantee the high strength of such connections. In the first part of
this paper, a literature review on the connection of GFRP plates is presented. In the second part
of the paper, the data presented are complemented by an experimental study of GFRP-to-steel
bolted connections performed by the authors. These results are compared to predictions accor-
ding to a design reference, In the third part of the paper, a finite element (FE) analysis, validated
by the experimental results, is used to study how the geometrical parameters of the connection
are affecting its strength. In conclusion, optimum geometric parameters beyond which no further
increase of the connection strength is observed are identified.
6.3 Literature review
GFRP pultruded plates are made of E-glass fibres and resin. The pultruded plates are typically
a combination of Continuous Strand Roving (CSR) and Continuous Strand Mat (CSM). The
roving provides strength in the longitudinal (pultrusion) direction while the mat provides multi-
directional strength. CSM is considered to be isotropic since it contains chopped glass fibres that
are randomly oriented in the plane of the mat. The CSR is highly orthotropic and has higher
strength than CSM in the longitudinal direction. Therefore, the elastic properties of the plate
would depend on the proportion of these two constituents.
When connecting GFRP plates with bolts, the basic failure modes shown in Figure 6.1 can be
observed. They are similar to those observed for steel plate connections. Bearing of the bolt
produces either crushing in the loading direction (Figure 6.1a), tension failure through the net-
section (Figure 6.1b) or shear tear-out characterized by two parallel failure paths extending from
the bolt-hole to the plate end in the loading direction (Figures 6.1c and 6.1d). Another failure
mode for FRP pultruded plates is cleavage (Figure 6.1e), which is characterized by a single
fracture line extending from the bolt-hole to the end of the plate. Additional cracks in the net-
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section may also appear. Failure by crushing is usually ductile and is therefore preferred to the
other modes, which are usually brittle.
Figure 6.1 – Failure modes : (a) Bearing, (b) Net-section, (c) Shear tear-out, (d) Block
shear (e) Cleavage
The occurrence of the above failure modes depends on the geometrical parameters shown in
Figure 6.2. These include the number of shear planes (x ), the end-distance (e), the side-distance
(s), the width (w), the pitch-distance (p) the gage-distance (g), the plate thickness (t), the bolt-
hole diameter (dh), the bolt diameter (d), the number of bolts in the row (n), the number of bolts
in the column (m) and the total number of bolt in the connection (N ). Recommended values
for these geometric parameters can be found in design references such as : ASCE-Pre-Standard
(2010), EUROCOMP(Clarke, 1996) and CNR-DT-205 (2008). Manufacturers such as Strongwell
(2002), Fibreline-Composite (2003), and Creative-Pultrusion (2001) also provide design manuals
specific to the use of their products. Table 6.1 summarizes minimum geometric recommendations
for e, s, p and g. These recommendations slightly differ from one design reference to another. For
example, ASCE-Pre-Standard (2010) recommends a minimum p/d=4 while Clarke (1996) design
manual requires this ratio to be at least 3. ASCE-Pre-Standard (2010) recommends the maximum
spacing of consecutive bolts in rows or columns (p and g) to be 12 times the minimum thickness
of FRP material. However, it does not provide recommendations for the edge distances (e and
s). Other references do not specify the maximum values. Equations to calculate the connection
strength corresponding to the failure modes mentioned above can also be found in these design
references.
Table 6.1: Minimum geometric requirements from design manuals
(d : diameter of the bolt, dh: bolt-hole)
Pitch gage end-distance side-distance
(p) (g) (e) (s)
ASCE-Pre-Standard 4d 4d 4d for 1 bolt 1.5d
2d for multi-row
Clarke 3dh 3dh 3dh and s/dh 0.5g
CNR-DT-205 4d 4d 4d 0.5g
Strongwell 5d 5d 3d 2d
Creative-Pultrusion 3d 3d 3d 2d
Fibreline-Composite 4d 4d 3.5d 2d
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Figure 6.2 – (a) Typical joint geometric parameters, (b) Test set-up
Numerous studies of mechanically fastened joints in composite material have been reported in
the literature. Most have been conducted for the benefit of aeronautical and automotive industry.
Thoppul et al. (2009) present an extensive review of various publications extending from 1978
to 2007. The present study is limited to bolted connections of Glass Fibre Reinforced Polymer
(GFRP) pultruded plates in the context of civil engineering applications. Most connections repor-
ted were tested with one bolt (Abd-El-Naby et Hollaway, 1993a; Rosner et Rizkalla, 1995a; Erki,
1995; Cooper et Turvey, 1995; Ramaskrishna et al., 1995; Turvey, 2012). A few experimental
results with multi-bolt connections can also be found (Abd-El-Naby et Hollaway, 1993b; Hassan
et al., 1997a). Specimens were either loaded in double-lap configuration with either two outer
GFRP plates and one inner steel plate (Rosner et Rizkalla, 1995a; Hassan et al., 1997a), two ou-
ter steel plates and one inner GFRP plate (Abd-El-Naby et Hollaway, 1993a; Cooper et Turvey,
1995; Ramaskrishna et al., 1995; Abd-El-Naby et Hollaway, 1993b; Prabhakaran et al., 1996) or
both inner and outer GFRP plates (Erki, 1995). A study with single-lap bolted connections is
also available (Turvey, 2012). Figure 6.2(a) presents typical case of double-lap configuration and
the geometric parameters as they are defined in this paper.
The above studies provide valuable information of the effect of geometric parameters as the
width and end-distance on the joint failure mode and failure load. The test results of Rosner
et Rizkalla (1995a) on one-bolt connections suggest that connection strength and failure mode
could be improved by increasing w/dh and e/dh ratios up to a limiting value of 5. At this ratio,
bearing failure by crushing was the observed mode. Experimental results of Cooper et Turvey
(1995) reveal that the critical ratio at which bearing failure is observed depends on the clamping
of the plates. These critical ratios were found to be e/d=5 and w/d=6 for lightly torqued and
e/d=6.5 and w/d=10 for fully torqued connections. Experimental results of Ramaskrishna et al.
(1995) reveal that increasing w/d from 3 to 7 and keeping e/d=2 has no significant effect on
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the strength as shear associated to bearing controls the failure load. From his experimental
results, Turvey (2012) observed a threshold value of e/d=3 above which the average ultimate
load and strength remain constant for any value of w/d. Below this threshold value, the average
ultimate load increases with e/d and w/d. For multi-bolted connections, Hassan et al. (1997a)
found that the ultimate capacity and the bearing strength increased with the ratios of the side-
distance-to-pitch (s/p), up to a limiting value of 1.2. Beyond this, no significant increase in
the load-carrying capacity was measured. In addition to these geometrical parameters, reported
studies also provide information on either the influence of pultruded material orientation (Rosner
et Rizkalla, 1995a; Ramaskrishna et al., 1995; Hassan et al., 1997a; Turvey, 1998), the type
of fastener (Erki, 1995), washer size Abd-El-Naby et Hollaway (1993a), number of bolts and
their arrangement (Prabhakaran et al., 1996; Hassan et al., 1997a). Abd-El-Naby et Hollaway
(1993a,b) show that the failure mode is related to the proportion of CSM and CSR in the plate.
Their experimental analysis shows that in plates with higher proportion of CSR than CSM,
bearing failure is less likely to occur regardless of the connection length and width.
Although other experimental results in multi-bolt connections have been reported, the effect of
pitch-distance has not been studied in details. In addition, only a few data with single-lap bolted
connections have been published. The experimental study on GFRP bolted plates reported in the
next section was performed to cover these gaps in data. The investigation was performed on single-
lap bolted connections. The results are compared to design strengths calculated using equations
available in the ASCE-Pre-Standard (2010). Then, a FE analysis validated with experimental
results is used to investigate the effect of e, s, p and the material properties. The results are used
to critically examine the recommendations of design references.
6.4 Experimental investigation of single-lap bolted
connections
6.4.1 Overview of the experimental program
Connections of GFRP to steel plates with one bolt or two bolts, in single-lap configuration, were
tested. Specimens were cut from 6.35 mm thick pultruded GFRP and steel plates. All GFRP
pultruded plates were loaded in the longitudinal direction to achieve maximum tensile strength.
Connections with one bolt or with two bolts in a column were considered. ASTM A325 bolts with
a 12.7 mm diameter and nominal washer were used. Bolts were tightened at finger tight plus one-
half-turn of the nut. Two configurations were tested for one bolt connections. The configuration
S20E30 had s/d=2 and e/d=3. The configuration S40E40 had s/d=4 and e/d=4. For two-bolt
connections, two configurations were also tested. The geometric parameters considered were :
s/d=4, e/d=4 and p/d=3 for the configuration S40E40P30 ; s/d=4 and e/d=4 and p/d=5 for
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the configuration S40E40P50. Five to seven specimens were tested for each configuration for a
total of 22 tests.
6.4.2 Experimental setup and testing of the connections
The tests were conducted up to failure of the joint in shear using a 500 kN hydraulic testing
machine. As shown in Figure 6.2(b), the end connections were designed to make the loading axis
to coincide with the interface of the two plates so that the bolts were mostly loaded in shear.
Specimens were clamped by the grips of the testing machine at both ends. A tensile force was
applied at the bottom end while the top end was fixed. The load was applied at the rate of
1 mm/min and the load and displacement were recorded by the control system of the testing
machine.
6.4.3 Tensile tests of the materials
The GFRP plates were taken from Extren 500 series panels. Extren 500 is manufactured by
Strongwell Corporation. According to the manufacturer, it is made of E-glass fibres and polyes-
ter resin. It is typically reinforced with 50% Continuous Strand Roving (CSR) and Continuous
Strand Mat (CSM). The roving provides strength in longitudinal (pultrusion) direction while the
mat provides multi-directional strength properties (Strongwell, 2002). Steel specimens were cut
from 350W flat bars.
Tension tests of GFRP coupons were conducted according to ASTM-D3039/D3039M (2006)
for longitudinal and transversal tensile strength and ASTM-D3518/D3518M (2007) for in-plane
shear strength. For grade 350W steel coupons, ASTM-A370 (2005) was used. Specimens had
uniform width for GFRP and reduced width in the gage length for steel. Strength was measured
as specified by the appropriate testing standards. Strain was measured by an axial extensometer.
Typical stress-strain curves for steel in tension and GFRP in longitudinal tension, transversal
tension and in-plane shear are presented in Figure 6.3. As it can be observed, GFRP material
behaves linearly up to brittle failure. Steel shows an elasto-plastic behaviour. The average measu-
red properties of GFRP coupons are summarized in the first column of Table 6.2. The properties
presented in the other columns of this table will be used in the finite element analysis. For steel,
the average ultimate tensile strength and average yield strength were approximately 540 MPa
and 370 MPa respectively. ASTM A325 bolt was not tested. However, its nominal guaranteed
tensile strength is 825 MPa and its nominal shear strength is 495 MPa, considering the shear
strength equals to 0.6 times the nominal tensile strength (Kulak et Grondin, 1998).
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Figure 6.3 – Stress-strain relationships of the materials
Table 6.2: Mechanical properties of the materials
Reference Tested (Rosner et Rizkalla, 1995a) (Hassan et al., 1997a)
Ratio of ETt/ELt 0.2 0.7 0.8
Longitudinal modulus ELt (GPa) 18.6 15.2 12.8
Transversal modulus ETt (GPa) 4.03 10.8 10.7
In plane shear modulus G (GPa) 4.8 4.2 4.2
Longitudinal tensile strength FLt (MPa) 340 198 166
Transversal tensile strength FTt (MPa) 88.4 101 110
In plane shear strength Fipsh (MPa) 104.2 121 117
Longitudinal Poisson ratio νLt 0.33* 0.28 0.28
( )* Reported by manufacturer
6.4.4 Experimental results
Considering the much higher stiffness of steel compared to GFRP, there was no deformation
observed on the steel plates and on the A325 steel bolt until GFRP reached failure. Therefore,
the observations given in this section are for GFRP plates only.
6.4.4.1 Failure mode of one-bolt single-lap configurations
Figures 6.4(a) and 6.4(b) show the inner and outer faces of S20E30 respectively. For this confi-
guration, the failure mode of the seven tested GFRP specimens was not identical. For specimens
S20E30-1, S20E30-2 and S20E30-4, the cracks propagated from one side of the bolt-hole towards
the free end of the plate in the direction of pultrusion. Specimen S20E30-7 showed the presence of
cracks from one side of the bolt-hole towards the corner of GFRP plate at approximately 45˚ from
the loading direction. These two types of failure modes were identified as cleavage failure. Spe-
cimens S20E30-3 and S20E30-5 showed the presence of cracks from one side of the bolt-hole
towards the side of the plate perpendicular to the pultruded direction. This failure mode was
identified as net-section failure. For specimen S20E30-6, cracks propagated from both sides of
6. Effet des parame`tres ge´ome´triques des assemblages PRFV-acier boulonne´s 117
bolt-hole towards the free end of the plate. This last failure mode was identified as shear failure.
The GFRP specimens also present additional cracks either along the main failure line or around
the bolt-hole. Failure mode is identical in the inner and outer face of each GFRP specimen.
However, as identified in Figure 6.4(b), signs of out-of-plane deformations can be observed on
the outer face of some GFRP specimens (S20E30-2, S20E30-4 and S20E30-6).
For S40E40, failure mode was more consistent. Figures 6.4(c) and 6.4(d) show the inner and ou-
ter faces of S40E40 respectively. Tests numbers S40E40-1, S40E40-2, and S40E40-5 present the
signs of bearing damage with propagation of crack towards the free end of the plate. However,
these tests were stopped before the complete fracture of the joint because the peak load had
been reached. Specimens S40E40-3 and S40E40-4 ran up to the complete failure of the joint.
For specimen S40E40-3 shear failure was observed. For specimen S40E40-4 there was evidence
of cleavage failure with propagation of cracks along the net-section plane. Compared to S20E30
(Figure 6.4b), signs of out-of-plane deformation and delaminations within the layers are more
defined on the outer face of specimens S40E40-1, S40E40-2, S40E40-3 and S40E40-5 (Figure
6.4d).
6.4.4.2 Force-displacement curves of one-bolt single-lap connections
Figures 6.4(e) and 6.4(f) show the force-displacement curves of S20E30 and S40E40 respectively.
It is observed that the GFRP plates behave linearly up to approximately 15 kN. Then the loads
continue to increase, but with a reduced stiffness up to the peak load. The reduction of the
stiffness is probably due to the reduction of the clamping pressure between the two plates during
loading. The peak load is observed at approximately 41 kN for S20E30 (Figure 6.4e) and at 48 kN
for S40E40 (Figure 6.4f) for an average displacement of 3 and 2 mm respectively. Then, the curve
suddenly drops down to about 10 to 20 kN for S20E30 (Figure 6.4e) and 20 to 30 kN (Figure 6.4f)
suggesting a partial failure on the GFRP. From this point, the GFRP undergoes a progressive
failure. The displacement to which the complete failure occurred is unknown because the tests
were stopped at tis stage as maximum load was achieved and load was less than 50% of the
maximum value. However, as it can be observed in Figure 6.4(f), some test results suggest that
this displacement can exceed 6 mm. Therefore, while doubling the side-distance and increasing
the e/d to 4 only result to an increase of 20% of the peak load, the load sustained by the GFRP
plate after the peak load was twice greater in some cases.
As depicted in Figure 6.4(e), there is a particularity with the curves of specimens S20E30-1
and S20E30-3. The linear behaviour of these curves are interrupted at approximately 1 mm
displacement and 20 kN force. Here the progression of the load remains insignificant up to 2 mm
displacement. Then, the load increases up to an average peak value of 38 kN and a displacement
of 3.5 to 4 mm. This interruption of the load growth was due to the displacement (slippage) of the
bolt in the bolt-hole. To prevent this behavior in the specimens tested later, special attention was
given to joint tightening to ensure the contact between the bolt-hole and the bolt in the loading
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direction. In summary, increasing s/d from 2 to 4 and e/d from 3 to 4, led to a moderately higher
connection strength and improved the overall behavior of the joint at failure.
Figure 6.4 – Failure damages of GFRP (a) Inner face 1B2030 (b) Outer face S20E30,
S20E30,(c) Inner face S40E40 (d) Outer face S40E40. Force-displacement curves of : (e)
S20E30, (f) S40E40
6.4.4.3 Failure mode of two-bolt connections
The failure mode of two-bolt GFRP-steel single-lap connections is presented in Figures 6.5(a)
to 6.5(d). Figures 6.5(a) and 6.5(b) present crack damages respectively in the inner and outer
face of S40E40P30. It can be observed from the inner to the outer face of the same specimen
that the cracks may propagate differently. For example, in Figure 6.5(a), while the inner face of
specimen S40E40P30-1 shows signs of net-section failure in the lower row, the outer face in Figure
6.5(b) shows propagation of cracks around the two bolt-holes (block shear failure). Therefore,
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it is difficult to characterize this failure mode within the conventional types of failure presented
in Figure 6.1. However, for specimens S40E40P30-2 and S40E40P30-5 crack damages are the
same in both faces. The cracks start in the lower row and propagate towards the top free end
of the plate. Additional cracks around the bolt-hole are observed. This failure mode is identified
as cleavage. Shear failure is observed on specimens S40E40P30-3 and S40E40P30-4. However,
propagation of cracks in the shear path has different patterns in the inner and the outer faces
(Figure 6.5b). On the inner face, the cracks start from the lower row and propagate towards the
top free end of the plate. On the outer face, the cracks are limited around the two holes.
Figures 6.5(c) and 6.5(d) present crack damages respectively in the inner and outer face of
S40E40P50. Compared to S40E40P30, the failure modes were more consistent on both faces.
Shear was the predominant failure mode. Shear damage was in some cases limited around the
bolt-holes (S40E40P50-3) while in other cases (S40E40P50-1, S40E40P50-4 and S40E40P50-5) it
started at the top row (outer row is the top row in Figure 6.5) and propagated towards the free
end of the plate. Specimen S40E40P50-2 clearly shows a cleavage failure. Here, cracks initiated
in the lower row and propagated through the top row and towards the free end distance.
As can be observed in Figure 6.5(b) and Figure 6.5(d) out-of-plane deformations are found in the
outer face of same GFRP specimens. This suggests presence of delamination between the layers.
These damages are less significant in the inner faces due to the contact of the GFRP plate with
the steel plates. However, the shape of theses damages is not the same for both configurations.
For S40E40P30 presented in Figure 6.5(b), damages are limited around the two holes of the outer
face while for S40E40P50, presented in Figure 6.5(d), damages due to out-of-plane deformations
are observed between the two holes. It can also be noted that both configurations show some
bearing damage at the lower row. However, no complete bearing failure of the joint was observed.
6.4.4.4 Force-Displacement curves of two bolts connections
In Figure 6.5(e), force-displacement curves of S40E40P30 and S40E40P50 are compared. The load
history is similar to that observed with one-bolt joints. The peak loads are observed at 75 and 78
kN for S40E40P30 and S40E40P50 respectively. Hence, only 4% gain in the joint capacity was
achieved by increasing the pitch. However, displacement at failure increased from an average of 3
mm for S40E40P30 to 4.5 mm for S40E40P50. The loads sustained by the GFRP plate after the
peak load are scattered and vary from 15 kN to 40 kN in both configurations. Therefore, increasing
the pitch distance has no significant effect on the GFRP plate carrying capacity. Nevertheless,
the joints with higher pitch distance were able to achieve more displacement, therefore a safer
behavior.
In Figure 6.5(f), a typical force-displacement curve of S40E40 is compared to that of S40E40P30.
It can be observed that increasing the number of bolts with a constant end-distance and side-
distance (e/d=4 and s/d=4) from one bolt to two bolts in a column increased the joint capacity
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Figure 6.5 – Failure damages of GFRP (a) Inner face of S40E40P30 (b) Outer face of
S40E40P30, (c) Inner face of S40E40P50 (d) Outer face of S40E40P50.
Force-displacement curves of (e) S40E40P30 compared to S40E40P50, (f) S40E40P30
compared to S40E40
by approximately 60%. It is significant that increasing the number of bolts from one to two did
not double the load capacity of the GFRP connection. It can also be observed that the the peak
load of the GFRP plate occurred at the same displacement for S40E40 and S40E40P30. The
experimental results for one-bolt and two-bolt joints are summarized in Table 6.3.
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Table 6.3: Tests results of simply bolted
joints
Test Failure Load
names modes (kN)
S20E30-1 Cleavage 40.09
S20E30-2 Cleavage 44.11
S20E30-3 Net-section 39.35
S20E30-4 Cleavage 40.86
S20E30-5 Net-section 40.68
S20E30-6 Shear 40.64
S20E30-7 Cleavage 43.03
S40E40-1 Shear 50.48
S40E40-2 Shear 48.96
S40E40-3 Shear 48.56
S40E40-4 Cleavage 41.32
S40E40-5 Shear 50.05
Net-section on inner
S40E40P30-1 face, shear on outer 71
face
S40E40P30-2 Cleavage 77.09
S40E40P30-3 Shear 77.11
S40E40P30-4 Shear 75.53
S40E40P30-5 Cleavage 76.65
S40E40P50-1 Shear 80.83
S40E40P50-2 Cleavage 72.61
S40E40P50-3 Shear 80.61
S40E40P50-4 Shear 76.58
S40E40P50-5 Shear 79.63
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6.5 Comparison of experimental and predicted re-
sults
The ASCE-Pre-Standard (2010) is the most recent design reference for GFRP in civil enginee-
ring application. For this analysis, the nominal strength prediction obtained using equations
recommended by this ASCE-Pre-Standard (2010) are compared with experimental test results of
one-bolt and two-bolt connections. Since only the nominal strength is considered, no resistance
factor is used for the calculation of the strength predictions.
6.5.1 Design equations
ASCE-Pre-Standard (2010) provides equations corresponding to each potential failure mode. For
net-section failure for a multi-row of bolts, it establishes net-section strength (Rnt) presented in
Equation 6.1. The strength per bolt in configuration with one-row of bolt(s) is calculated using
Equation 6.2.
Pt =


(
1
( wnd−1)
(
1 + CLt
(
Spr − 1.5
Spr−1
Spr+1
θ
))
Lbr
w
nd
)
+
(
[1+Cop,(LT )(1+(1−1/Spr)3)](1−Lbr)
1−n
dh
w
)


−1
w.t.F(Lt) (6.1)
Pt =
[
C(Lt))
(
Spr − 1.5
(Spr − 1)
(Spr + 1)
θ
)
+ 1
]
−1
. (w − dh) .t.F(Lt) (6.2)
CLt=0.4 for plate and Cop=0.5 for shape.
Lbr is the proportion of the connection force taken in bearing at the first bolt row (see Figure
6.2a). The value of Lbr can be found in ASCE-Pre-Standard (2010),
FLt is the tensile strength in the longitudinal direction of the GFRP plate,
n is the number of bolts in a row.
The nominal shear tear-out strength (Psh) per bolt for connection with one-row of bolt(s) is
defined in Equation 6.3. Equation 6.4 gives the shear tear-out strength per column of bolts for
connection with two rows of bolts separated by a pitch (p).
Psh = 1.4.(e−
dh
2
).t.Fipsh (6.3)
Psh = 1.4.(e−
dh
2
+ p).t.Fipsh (6.4)
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Where Fipsh is the characteristic in-plane shear strength of the GFRP plate. The bearing strength
(Pbr) per bolt is the product of bearing area to the bearing strength (Fbr) of the material as
defined in Equation 6.5.
Pbr ≤ d.t.Fbr (6.5)
For single bolt centrally positioned with e/d < 4d, cleavage strength (Pcl) is the lesser of Equa-
tions 6.6 and 6.7.
Pcl = 0.15.[(2.s− dh).FLt + 2.e.Fipsh].t (6.6)
Pcl =
(
10
9
−
4
9
dh
e
)2
.t.d.Fbr (6.7)
Since Fbr was not tested in the present experimental study, the ratio of Fbr/FLt =1.8 measured
by Rosner et Rizkalla (1995a) was taken. For a single-row of bolts (with the maximum number
of bolts in the row set to three) at uniform gage distance (g), cleavage strength (Pcl) is defined
as :
Pcl = 0.15.[(s+ 0.5.g − dh).FLt + 2.e.Fsh].t (6.8)
Cleavage strength prediction is not provided for a multi-row of bolts in the ASCE-Pre-Standard
(2010). For connection with multi-row of bolts, ASCE-Pre-Standard (2010) also recommends
multiplying the nominal strength of the connection by the ratio of p/4d when p/d <4.
6.5.2 Analysis of the predicted results
In Table 6.4, columns 4 to 8 list the results obtained using Equations 6.1 to 6.7. The average
tensile strengths obtained from the tested coupons and reported in Table 6.2 were used in the
calculation. The governing failure load and failure mode are reported in columns 9 and 10. The
predicted to experimental ratios are also reported in column 11.
For connection S20E30, experimental study produced three types of failure mode : net-section,
shear tear-out and cleavage failures. However, among the seven specimens tested for this configu-
ration, failure by cleavage was the predominant mode. The ASCE-Pre-Standard (2010) predicts
that cleavage governs design, which is consistent with some experimental specimens. However,
the predicted strength governed by Equation 6 was underestimated by 53%. For connection
S40E40, failure by shear was the predominant mode observed experimentally. The ASCE-Pre-
Standard (2010) predicts that failure by shear governs the design. However, it underestimates
the strength by 15% compared to experimental tested results. It is important to note that the
ASCE-Pre-Standard (2010) recommends that cleavage should not be considered for connection
6. Effet des parame`tres ge´ome´triques des assemblages PRFV-acier boulonne´s 124
with e/d ≥ 4. However, experimental results reveal that this failure mode is possible for e/d=4.
The ASCE-Pre-Standard (2010) predicts net-section failure for S40E40P30 and S40E40P50. It
was rather shear tear-out and cleavage that were observed experimentally for S40E40P30. Shear
tear-out was also the predominant failure mode observed experimentally for S40E40P50. There-
fore, the predicted failure mode is not consistent with experimental observations. While the
strength prediction of S40E40P50 is only 18% below the experimental failure load, that of
S40E40P30 is underestimated by 36%. This larger underestimation is due to the requirement
of multiplying the net-section connection strength by the ratio of p/4d when p is less than the re-
quired minimum. Such recommendation significantly reduced the connection strength prediction
even though it was observed experimentally that the pitch had limited effect on the failure load.
ASCE-Pre-Standard (2010) does not provide an equation of cleavage strength for multi-row of
bolts. However, in experimental section, some specimens of S40E40P30 show failure by cleavage.
Therefore, it could be useful to define an equation capable of predicting this failure mode for a
multi-row of bolts.
More data are required to better understand the relationship between the different geometric
parameters and the connection strength. Finite element approach will be used to extend such
data.
Table 6.4: Comparison of experimental to predicted results
Ave Exp Strength (kN) calculated using Governed Ppred/Pexp
Exp. FM equations 1 to 7 prediction
(kN) Rnt Rsh Rcl Rcl Rbr FL FM (2)/(9)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
Equation - - 1 or 2 3 or 4 6 7 5 - - -
S20E30 41.3 S/C 35.5 28.8 19.5 44.3 49.4 19.5 C 0.47
S40E40 47.9 S/C 50.7 40.5 38.4* 48.2* 49.4 40.5 S 0.85
S40E40P30 75.5 S/C 48.2 75.7 - - 74 48.2 N 0.64
S40E40P50 78.1 S 64.3 99.2 - - 98.7 64.3 N 0.82
* Value calculated but not recommended by ASCE-Pre-Standard (2010) for e/d ≥4;
FL: failure load; FM: failure mode; N: net-section; S: shear tear-out; C: cleavage
6.6 Finite element analysis
6.6.1 Overview of the finite element analysis
Through FE analysis, this section aims to investigate the effects of the end-distance (e), the
side-distance (s) and the pitch (p) on the connection strength. A two-dimensional (2D) finite
element model was developed with the commercial software ADINA 8.7.3. The analysis started
with a validation study based on experimental results described above and also with the data of
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some papers discussed above (Rosner et Rizkalla, 1995a; Hassan et al., 1997a). The properties
shown in Table 6.2 were used for this part of the study. This validation was followed by a
parametric simulation where the effect of geometrical parameters for one-bolt connections and
two-bolt connections aligned parallel to the loading direction, was investigated. The ratio were
1 ≤ e/d ≤ 5 and 1.5 ≤ e/d ≤ 5. The pitch-distance (p/d=2, 3, 4 and 5) for two-bolt parallel to
the loading direction (two-bolt in a column) were also investigated. In the parametric study, two
types of GFRP plates were studied : one with the ratio of ETt/ELt=0.2 using the properties of the
plates in the current study ; the other with the ratio of ETt/ELt=0.8 using the properties of the
plates reported by Hassan et al. (1997a). The interest for the two types of plates is the relative
proportion of CSR and CSM. The model with ETt/ELt=0.2 represents a highly orthotropic
material. It achieves higher strength in the pultruded direction than in the transversal direction.
On the other hand, with a ratio of ETt/ELt =0.8, the relative proportion of CSM and CSR leads
to quasi-isotropic plate.
6.6.2 Analysis assumptions
This study was limited to the evaluation of joint strength and failure mode for GFRP with loa-
ding parallel to the pultruded direction. In the experimental study of GFRP-to-steel connection,
failure of the joint was due to the GFRP fracture. Therefore, only the GFRP plate was modelled
in the finite element (FE) analysis. Figure 6.6(a) presents the typical 2D model used for this
analysis. For model validation, all configurations tested in the experimental program were ana-
lysed. Additional configurations reported in others papers (Rosner et Rizkalla, 1995a; Hassan
et al., 1997a) were also used. Their material properties are presented in Table 6.2 while details of
chosen configurations are presented in Table 6.5. In the static environment of ADINA, the GFRP
plate was modelled as a 2D solid with a quadrilateral element. These elements haves nine nodes
per element and six degrees of freedom per node. The mesh density is shown in Figure 6.6(a).
Each element edge length was approximatively equal to 2 mm. The mesh density was refined
around the bolt-hole. In a square refined mesh area, the length ratio of the element edges (last
element/first element) was equal to 0.2. It was verified that further reducing the mesh size does
not influence the stress distribution in the model. The GFRP plate was modelled as a plastic
orthotropic material. The anisotropy parameters were determined from yield stresses. The input
yield stresses were taken as the ultimate tensile strengths of the material and the input plastic
strain was taken as a material longitudinal tensile strain. Contact between the bolt and the plate
was modelled by a contact feature available in ADINA. To reduce the computation time, the bolt
was modelled as a rigid half cylinder. The contact interface was generated as a pair of surface
elements. On this interface, the bolt was defined as a target surface and the bolt-hole elements as
a contactor surface. This assumption was based on the fact that the elastic modulus of the steel
bolt is greater than that of GFRP plate. Due to the use of contact elements, no boundary condi-
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tion was applied on this interface. For all configurations, the length L presented in Figure 6.6a
was always constant and equal to 127 mm. A uniform pressure was applied in the longitudinal
Z-axis on the far end plate edge. The external load was applied incrementally on the structure.
Once the GFRP plate reached the input strain, the model diverged. The recorded peak load was
taken as the strength of the connection.
6.6.3 Validation of the finite element model
Figures 6.6(b) to 6.6(g) present the post-processing Hill effective stress distribution of the FE
model. Based on the stress distribution along a given failure path of the model, the joint failure
mode was defined. For example, for shear tear-out failure presented in Figures 6.6(b) and 6.6(c),
excessive stresses are developed between the sides of the bolt-hole and propagate towards the free
end edge of the plate. For net-section failure, excessive stresses are developed across the centerline
of the bolt-hole in the net-section path (Figure 6.6d). A typical bearing failure is presented in
Figure 6.6(e) ; stresses are limited ahead of the bolt-hole in the bearing path and barely reach
the free end edge of the plate. Cleavage failure is characterized by excessive stresses ahead of
the bolt-hole (Figure 6.6f) In addition, excessive stresses also develop from the free end edge of
the plate towards the bolt-hole in the loading direction. In Table 5, the ultimate loads (PFE)
and failure modes obtained from FE analysis of one and two bolts connections are compared to
the average experimental failure loads. It can be observed that the FE results are in very good
agreement with experimental results. In general, the FE failure loads are slightly conservative.
All ratios of predicted to experimental results are within 7% difference. The observed FE failure
modes were also quite consistent with the experimental failure modes. In Figure 6.7, the typical
force displacement curves obtained in the FE analysis are compared to that of experimental
results. Here also, it can be seen that the force-displacement history are quite consistent with
that of experimental curves up to the peak load at which the FE model stops.
6.6.4 Parametric simulation and analysis of the results
Following the satisfactory agreement between FE model and experimental results, a parametric
study was carried out. The results obtained from the parametric simulation are presented in Table
6.6. For connections with one or two bolts, the FE results were used to define the boundaries
of predicted failure modes and are shown in Figure 6.8 by dashed lines. These boundaries are
presented in Figure 6.8(a) for one-bolt connections of GFRP plates with ETt/ELt=0.2 and in
Figure 6.8(b) for those with ETt/ELt=0.8. The boundaries of predicted failure modes according
to ASCE-Pre-Standard (2010) were also identified and are shown by the lines in Figure 6.8(c) for
connections of a GFRP plate with ETt/ELt=0.2, and in Figure 6.8(d) for ETt/ELt=0.8. Failure
modes from our experimental study and those reported in reference papers are listed in Table
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Figure 6.6 – (a) Typical 2D model, Post-processing failure modes : (b) bearing, (c)
net-section, (d) and (e) shear tear-out, (f) cleavage
Table 6.5: Model validation
Configuration Pexp Exp. PFE FE PFE/PExp
(kN) FM (kN) FM
Tested S20E30 41.3 C/S 40.2 C 0.97
(1X1) S40E40 47.8 S 49.7 S 1.04
Tested S40E40P30 75.5 C/S 72.2 S 0.96
(1X2) S40E40P50 78.1 S 77 S 0.99
Rosner et Rizkalla (1995b)/(1X1) S07E10 6.1 N 5.7 N 0.93
d=19.05mm, S10E20 22 N 21.2 N 0.96
t=9.53 mm S27E33 47.7 B+N 46.3 B 0.97
Hassan et al. (1997a)/(1X2) S27E33P43 84.2 N 82.3 N 0.98
d=19.05mm, S40E20P43 96.8 C 96.15 C 0.99
t=12.7 mm S40E33P43 102.4 N 98.9 N 0.96
Hassan et al. (1997a)//(2X1) S33E20G43 96.8 C 91.9 C 0.95
d=19.05mm, S33E33G43 105.8 N 101.8 N 0.96
t=12.7 mm S47E20G43 97.2 C 92.1 C 0.95
N: net-section failure; C: cleavage failure; S: shear tear-out failure
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Figure 6.7 – Typical force-displacement curves of the experimental compared to finite
element models : (a) S20E30, (b) S40E40, (c) S40E40P3, (d) S40E40P50
6.7. They are represented by symbols in Figure 6.8 where they are regrouped for ETt/ELt=0.3
in Figures 6.8(a) and 6.8(c) or ETt/ELt=0.7 in Figures 6.8(b) and 6.8(d). Failure loads from
Table 6.6 are reported in Figures 6.9(a) and 6.9(b) for various geometrical parameters of one-
bolt connections. The predicted failure loads using ASCE-Pre-Standard (2010) for the minimum
recommended side-distance are also shown by the dotted line. The numbers in parenthesis in
Figure 6.9 identify the equation that governs the design according to ASCE-Pre-Standard (2010)
with the minimum recommended side-distance (s/d=1.5). For two-bolt connections, information
similar to Figure 6.8 and 6.9 is provided in Figures 6.10 and 6.11.
6.6.5 Effects of geometric parameters in one-bolt connections
For one-bolt connections of highly orthotropic GFRP plates, FE results in Figure 6.8(a) predicts
cleavage, shear tear-out or net-section failure depending on the geometrical combinations of e/d
and s/d. When comparing this figure with Figure 6.8(c), it is shown that the FE model and
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Table 6.6: FE results: failure load (kN)/failure mode
s/d p/d e/d s/d p/d e/d
1 2 3 4 5 1 2 3 4 5
One-bolt (For ETt/ELt=0.2) One-bolt (For ETt/ELt=0.8)
1 - 6.2/C 11.7/N 12.5/N 12.5/N 12.7/N 1 - 4.2/N 6.3/N 6.3/N 6.3/N 6.3/N
1.5 - 10.6/C 22.2/C 26.1/N 26.2/N 26.3/N 1.5 - 6.2/C 10.5/C 13.5/N 13.6/N 13.6/N
2 - 17.8/C 34.5/C 40.2/C 43.4/N 43.5/N 2 - 8.7/C 20.3/C 21.2/N 23.2/N 22.4/N
3 - 18.9/C 35.1/C 43.2/C 47.4/S 47.5/S 3 - 9.1/C 20.5/C 23.3/B 28.5/B 27.4/B
4 - 18.8/C 37.0/C 47.7/C 49.7/S 50.7/S 4 - 10.0/C 21.9/C 27.8/B 28.0/B 30.6/B
5 - 19.1/C 40.2/C 50.2/C 52.4/S 54.4/S 5 - 10.2/C 23.4/C 26.3/B 30.5/B 31.7/B
Two-bolt (For ETt/ELt=0.2) Two-bolt (For ETt/ELt=0.8)
1.5 2 20.3/C 23.9/S 25.6/S 27.9/N 28.8/N 1.5 2 10.1/C 12.0/N 12.9/N 13.1./N 13.4/N
3 28.2/C 36.6/N 37.9/N 38.2/N 38.8/N 3 14.7/C 15.0/N 15.1/N 15.2/N 15.2/N
4 31.1/C 36.6/N 38.0/N 38.5/N 38.8/N 4 14.9/C 16.3/N 17.2/N 17.4/N 17.4/N
5 32.6/C 36.6/N 38.1/N 38.5/N 38.9/N 5 14.9/C 17.6/N 17.8/N 17.6/N 18.1/N
2 2 25.4/C 27.9/S 31.0/S 33.9/S 33.6/S 2 2 12.1/C 14.5/C 15.5/N 15.9/N 16.3/N
3 39.5/C 53.7/S 55.8/S 55.8/S 55.8/S 3 21.2/C 25.2/C 25.7/N 25.7/N 25.8/N
4 40.1/C 57.5/S 58.7/S 65.1/S 66.3/S 4 22.1/C 25.9/C 26.5/N 28.0/N 28.1/N
5 40.7/C 58.2/S 59.5/S 66.9/S 67.2/S 5 22.4/C 26.9/C 27.2/N 29.4/N 29.5/N
3 2 28.5/C 31.1/S 33.6/S 34.3/S 34.4/S 3 2 14.3/C 15.5/C 16.8/N 17.6/N 17.6/N
3 54.5/C 62.9/S 65.0/S 69.9/S 70.4/S 3 25.4/C 30.4/C 31.3/N 32.3/N 32.5/N
4 54.8/C 64.3/S 67.2/S 70.3/S 70.8/S 4 26.2/C 31.8/C 32.1/N 32.8/N 33.7/N
5 55.1/S 65.8/S 70.3/S 75.7/S 76.0/S 5 27.2/C 32.2/C 33.4/N 35.2/N 35.4/N
4 2 36.1/C 38.5/S 41.8/S 43.3/S 44.8/S 4 2 18.9/C 19.6/C 19.7/N 20.9/N 21.6/N
3 60.2/C 65.3/S 69.5/S 72.2/S 73.5/S 3 30.1/C 32.8/C 36.4/N 37.5/N 37.8/N
4 63.7/C 67.5/S 71.4/S 74.9/S 76.1/S 4 30.7/C 33.0/C 37.3/N 38.0/N 38.1/N
5 63.8/C 68.1/S 73.5/S 77.0/S 78.6/S 5 30.7/C 33.3/C 38.3/N 38.4/N 38.4/N
5 2 44.7/C 48.1/S 51.1/S 53.3/S 54.6/S 5 2 22.3/C 24.8/C 25.8/N 26.3/N 26.9/N
3 63.4/C 67.4/S 69.8/S 75.6/S 75.6/S 3 31.1/C 34.7/C 39.2/N 40.8/N 41.8/N
4 63.5/C 71.8/S 75.3/S 78.1/S 79.0/S 4 31.6/C 35.6/C 39.2/N 41.1/N 42.0/N
5 64.2/C 72.0/S 78.8/S 79.9/S 80.3/S 5 32.0/C 36.1/C 39.4/N 41.5/N 42.0/N
N: net-section failure; C: cleavage failure; S: shear tear-out failure; B: bearing failure
ASCE-Pre-Standard (2010) predict net-section failure around the same zone. However, the only
experimental data point associated to net-section failure presented in these figures shows that
this failure zone might be better defined with FE model than ASCE-Pre-Standard (2010). More
experimental data points for s/d <2 are required for further comment on this failure mode. It is
also observed in these figures that cleavage and shear failure zones are not in agreement between
the FE model and ASCE-Pre-Standard (2010). Some experimental data points associated to
shear failures are located in the cleavage zone defined by both FE analysis and ASCE-Pre-
Standard (2010). This is a due to the fact that these two types of failure modes are difficult to
discriminate from each others experimentally. Therefore, from the experimental point of view,
there is a need to better understand the failure mechanism of these two types of failure modes. In
contrast with the FE analysis, ASCE-Pre-Standard (2010) identifies an area for bearing failure
for values of e/d ≤4 and s/d ≤2. The only experimental data point in this zone is associated to
shear failure, which is in agreement with the FE model. In addition, there is no experimental
data point for bearing failure. More experimental data points would be needed in this zone. Due
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Table 6.7: Experimental failure modes
One bolt (1X1) One bolt (1X1)
e/d s/d FM e/d s/d FM p/d e/d s/d FM
ETt/ELt=0.2 Tested ETt/ELt=0.7 [10] ETt/ELt=0.2 Tested
3 2 C 1 0.7 N 3 4 4 S/C
4 4 S 10.7 0.7 N 5 4 4 S
ETt/ELt=0.3 [13] 2 1 N ETt/ELt=0.3 [16]
2 1 N 3.3 1 N 4 2.4 2.4 N/C
2 1.5 S 5.3 1 N ETt/ELt=0.3 [17]
2 2 S 2 1.3 N 4.3 2 2.7 C
2 2.5 S 3.3 1.3 N 4.3 3.3 2.7 N
2 3.5 S 5.3 1.3 N 4.3 5.3 2.7 N
ETt/ELt=0.3 [16] 2 2.7 C 4.3 2 4 C
2.4 2.4 C 3.3 2.7 N 4.3 3.3 4 N
5.3 2.7 N 4.3 5.3 4 N
10.7 2.7 N 4.3 2 5.3 C
2 4 C 4.3 3.3 5.3 N
3.3 4 C 4.3 5.3 5.3 N
5.3 4 B 4.3 2 6.7 C
1 6.7 C 4.3 3.3 6.7 N
2 6.7 C 4.3 5.3 6.7 N
3.3 6.7 C
5.3 6.7 B
10.7 6.7 B
ETt/ELt=0.8 [11]
2.7 4 C
to the limit number of data point, it is difficult to conclude which one of the FE analysis or the
ASCE Pre-standard (ASCE-Pre-Standard, 2010) equations provide the best predictions for these
failure modes in the case of a highly orthotropic plate.
For one-bolt connections of quasi-isotropic GFRP plates, FE results in Figure 6.8(b) predict
cleavage, bearing or net-section failure depending on the combination of e/d and s/d. When
comparing this figure with Figure 6.8(d), it is shown that the FE model and ASCE-Pre-Standard
(2010) predict net-section failure around the same zone. However, the area in which ASCE-Pre-
Standard (2010) predicts net-section failure does not include some experimental data points for
the combination of e/d <4 and s/d <2 while the zone defined by FE analysis includes all these
points. In contrast with the FE analysis, ASCE-Pre-Standard (2010) identifies an area for shear
tear-out failure for values of e/d <2 and s/d ≥1. However, there is no experimental data point
reported with this failure mode. It is also observed in these figures that all experimental data
points associated with cleavage failure are located in the cleavage zone defined by ASCE-Pre-
Standard (2010) and FE analysis except for one data point located at e/d=3.3 and s/d=4, for
which bearing failure is predicted by FE analysis. For ASCE-Pre-Standard (2010), this particular
experimental point does not fall within the bearing failure zone, because this zone is restricted
to higher values of s/d and e/d. Again, more experimental data would be needed to confirm
the limits of the actual bearing failure zone. In general, it can be seen in Figures 6.8(b) and
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6.8(d) that FE analysis provides a better prediction than ASCE Pre-standard design equations
(ASCE-Pre-Standard, 2010) for connections with quasi-isotropic plates.
Figure 6.8 – Effect of e/d and s/d on failure modes for one-bolt : (a) FE and Exp. failure
modes for highly orthotropic plates ; (b) FE and Exp. failure modes for quasi-isotropic
plates ; (c) (ASCE-Pre-Standard, 2010) and Exp. failure modes for highly orthotropic
plates ; (d) (ASCE-Pre-Standard, 2010) and Exp. failure modes for quasi-isotropic plates
The failure loads predicted by FE analysis for one-bolt connections are presented in Table 6.6. For
connections of highly orthotropic plates with ETt/ELt=0.2, it can be observed that for s/d ≤ 1.5,
there is no significant gain in failure load when e/d >3. Similarly, for s/d ≥2, there is no increase
in failure load when e/d >4. For connections of quasi-isotropic plates with ETt/ELt=0.8, no signi-
ficant increase in the failure load is observed when e/d >4 and s/d ≥1.5. Again, for s/d ≥2, there
is no increase in failure load when e/d >4. It is useful to compare this observation with ASCE-
Pre-Standard (2010) or manufacturer recommendations (Strongwell, 2002; Creative-Pultrusion,
2001). For one-bolt connection, ASCE-Pre-Standard (2010) recommends the minimum values of
e/d=4 and s/d=1.5. For these parameters, the FE predicted load is 26.2 kN for highly orthotro-
pic plates and 13.6 kN for quasi-isotropic plates. This appears to be a conservative geometrical
value for the end-distance since the FE analysis shows that approximately the same failure load
can be attained for s/d=1.5 and e/d=3. On the other hand, the manufacturers(Strongwell,
2002; Creative-Pultrusion, 2001) recommend a minimum combination of e/d=3 and s/d=2. For
these parameters, the FE predicted load is 40.2 kN for highly orthotropic plates and 21.2 kN
6. Effet des parame`tres ge´ome´triques des assemblages PRFV-acier boulonne´s 132
for quasi-isotropic plates, which is approximately 55% higher than the one corresponding to the
recommendation of ASCE-Pre-Standard (2010) for both materials. In this case, increasing the
end-distance to e/d=4 would allow an additional strength increase up to 43.4 kN for highly
orthotropic plates and 23.2 kN for quasi-isotropic plates.
All FE values associated to one-bolt connections are illustrated in Figures 6.9(a) and 6.9(b). The
prediction of ASCE-Pre-Standard (2010) for the minimum recommended side-distance s/d=1.5
is identified by the dotted line in these figures. For both materials, the FE prediction shows that
increasing e/d above 4 has no significant effect on the failure load. When comparing the FE
predictions and ASCE-Pre-Standard (2010) predictions for s/d=1.5, the difference in prediction
is significant for highly orthotropic plates at e/d=2 and e/d=3 (Figure 6.9a). For these geome-
tric parameters, The FE analysis predicts cleavage and the prediction using ASCE-Pre-Standard
(2010) is also governed by cleavage (Equation 6.6), which provide the predicted strengths approxi-
mately 50% lower than FE prediction. However, for all other values of e/d, the loads predicted
by ASCE-Pre-Standard (2010) are consistent with the FE predicted loads. For connections of
quasi-isotropic GFRP plates presented in Figure 6.9(b), the failure loads predicted by ASCE-
Pre-Standard (2010) for s/d=1.5 and varying values of e/d are all quite consistent with the
FE predicted loads. Although predicted loads with ASCE-Pre-Standard (2010) are governed by
the same design equations as for highly orthotropic plates, cleavage strength predicted using
Equation 6.6 seems to provide a better prediction for quasi-isotropic than for highly orthotropic
plates.
Figure 6.9 – Effect of e/d and s/d on joint strength for one-bolt : (a) FE failure loads for
highly orthotropic plates ; (b) FE failure loads for quasi-isotropic plates. (In this
figure,[1] refers to ASCE-Pre-Standard (2010))
6.6.6 Effects of geometric parameters in two-bolt connections
The failures modes of two-bolt connections are reported in Table 6.6. It can be observed that
although the pitch distance has an effect on the strength, it has no effect on the failure mode.
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These results are also presented in Figures 6.10(a) to 6.10(d) for the recommended minimum pitch
distance (p/d=4). For two-bolt connections of highly orthotropic GFRP plates with ETt/ELt=0.2
presented in Figure 6.10(a), the predicted modes are shear, cleavage and net-section failures
for the geometrical ratios of e/d and s/d illustrated. When comparing this figure with Figure
6.10(c), it is seen that the failure zones defined by the FE model are not in agreement with
those defined by ASCE-Pre-Standard (2010). Only four experimental data points can be found
in literature for highly orthotropic plates with ETt/ELt ≤0.3, and failure by shear tear-out,
cleavage and net-section are observed. Therefore, it is difficult to conclude which of the two
analyses provided better prediction. Hence, more experimental data points for all geometrical
parameters considered would be needed to comment on the failure modes of connections with
highly orthotropic materials.
For connections of quasi-isotropic GFRP plates, the FE analysis presented in Figure 6.10(b)
predicts cleavage for e/d ≤ 2 and net section failure for e/d ≤ 2. When comparing this figure
with Figure 6.10(d), it is seen that the failure zones defined by the FE analysis are not in
agreement with ASCE-Pre-Standard (2010) which predicts net-section failure for all values of
e/d. All experimental data points correspond to the FE predicted failure mode. Therefore FE
analysis provides a better prediction than ASCE-Pre-Standard (2010) for two-bolt connections
with quasi-isotropic plates.
The failures loads predicted by FE analysis for two-bolt connections are presented in Table
6.6. For connections of highly orthotropic plates with ETt/ELt=0.2, it can be observed that
for s/d=1.5, there is no significant gain in failure load when e/d > 2. Similarly, for s/d ≥ 2,
there is no significant increase in failure load when e/d ≥ 4. For connections of quasi-isotropic
plates with ETt/ELt=0.8, no significant increase in the failure load is observed when e/d ≥ 2 and
s/d ≤ 2. Above s/d > 3, the strength increases with e/d up to a ratio of 3. It is useful to compare
this observation with ASCE-Pre-Standard (2010) or manufacturers (Strongwell, 2002; Creative-
Pultrusion, 2001) recommendations. For two-bolt connections, ASCE-Pre-Standard (2010) re-
commends the minimum values of e/d=2, s/d=1.5 and p/d=4. This leads to a failure load of
36.6 kN for highly orthotropic plates and 16.3 kN for quasi-isotropic plates according to the FE
analysis. On the other hand, the manufacturers recommend a minimum combination of e/d=3,
s/d=2 and p/d=3. This leads to a failure load of 55.8 kN for highly orthotropic plates and 25.7
kN for quasi-isotropic plates. The recommendation of the manufacturer leads to a connection
strength approximately 52% and 57% higher than that corresponding to the ASCE-Pre-Standard
(2010) minimum values for connections with ETt/ELt=0.2 and ETt/ELt=0.8 respectively. It is
interesting to note that, for all values associated to two-bolt connections in Table 6.6 increasing
p/d above 3 has little effect on the connection failure load.
The FE values associated to two-bolt connections are also illustrated in Figures 6.11(a) and
6.11(b) for the recommended value of e/d=2 with various ratios of s/d and p/d. The prediction
of ASCE-Pre-Standard (2010) for the minimum recommended side-distance s/d=1.5 is identified
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Figure 6.10 – Effect of geometric parameters on failure modes for two-bolt : (a) FE and
Exp. failure modes for highly orthotropic plates ; (b) FE and Exp. failure modes for
quasi-isotropic plates ; (c) (ASCE-Pre-Standard, 2010) and Exp. failure modes for highly
orthotropic plates ; (d) (ASCE-Pre-Standard, 2010) and Exp. failure modes for
quasi-isotropic plates
by the dotted line in these figures. When comparing the FE predictions and ASCE-Pre-Standard
(2010) predictions for s/d=1.5, the difference in prediction is significant for values of p/d < 4
for both types of plates. For these geometric parameters, the design values are governed by
net-section failure (Equation 6.1) which produces the predicted strengths approximately 60%
lower than FE prediction for p/d=2 and 38% for p/d=3 for highly orthotropic plates. For quasi-
isotropic plates this difference is 38% for p/d=2 and 26% for p/d=3. However, when p/d=4,
the results predicted by ASCE-Pre-Standard (2010) are quite consistent with FE results. In that
case, the maximum difference between the predicted loads and the FE loads is nearly 17% for
connections with ETt/ELt=0.2 while it does not exceed 16% for connections with ETt/ELt=0.8.
This larger difference for values of p/d <4 is due to the recommendation of ASCE-Pre-Standard
(2010) to reduce the predicted strength of connection with p/d <4 to the ratio of p/4d.
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Figure 6.11 – Effect of geometric parameters on joint strength for two-bolt : (a) FE
failure loads for highly orthotropic plates ; (b) FE failure loads for quasi-isotropic plates.
(In this figure,[1] refers to ASCE-Pre-Standard (2010))
6.7 Conclusions
The aim of this paper was to investigate the effect of geometric parameters and material proper-
ties on the behavior of GFRP-to-steel bolted connections. An experimental study on a GFRP
pultruded plate connected to a steel plate was performed. The effects of increasing the side-
distance, the end-distance, the pitch, and the number of bolts in the joint were discussed. The
experimental results were compared to the strength calculated from ASCE-Pre-Standard (2010).
Finally, FE analysis along with experimental data were used to evaluate the failure load and
failure mode of other geometric parameters. The following conclusions were drawn :
– The parametric study showed that the failure mode can be better predicted with the FE
model than with ASCE-Pre-Standard (2010) for both highly orthotropic and quasi-isotropic
materials.
– For one-bolt connection, the experimental results obtained in the present study show that
increasing s/d from 2 to 4 and e/d from 3 to 4, lead to a moderately higher strength and
an improved behavior of the joint at failure. Bearing failure was not observed due to the use
of highly orthotropic material. Experimental data along with FE parametric analysis show
that this failure mode would happen for GFRP plate with quasi-isotropic material. With the
minimum ratio of s/d=1.5 recommended by ASCE Pre-standard, no significant increase of
the joint capacity was observed for values of e/d over 3. From the FE parametric results,
the manufacturer recommended values of s/d=2 and e/d=3 was found to provide a strength
55% higher than the strength obtained with the values recommended by ASCE-Pre-Standard
(2010).
– For two-bolt in a column, the experimental results obtained in the present study show that
for s/d=4 and e/d=4, increasing the pitch distance from 3 to 5 leads to an increase of only
4% of the capacity. Nevertheless, the connections with higher pitch distance were able to
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achieve more displacement, therefore a safer behavior. The experimental data and FE analysis
reveal that pure bearing failure is not likely to occur. For connections with highly orthotropic
plate, shear or cleavage were found to be the predominant failure modes. For connections with
quasi-isotropic plates, cleavage was observed for short end-distance and net-section failure was
predominant above e/d=2. For this configuration, the recommended minimum end-distance
and pitch by ASCE-Pre-Standard (2010) were found sufficient to optimize the connection
strength while, the manufacturers (Strongwell, 2002; Fibreline-Composite, 2003) recommended
value of s/d=2 results to a net improvement of the connection strength.
– ASCE-Pre-Standard (2010) does not always predicts failure modes that are consistent with
experimental and the strength predicted is conservative. The pitch distance was found to
have limited effect on the connection strength especially when net-section failure governs the
design prediction. Therefore, the recommendation of ASCE-Pre-Standard (2010) to multiply
the connection strength by the ratio of p/4d when p is less than the required minimum could
significantly underestimate the strength of the connection for both highly orthotropic and
quasi-isotropic materials.
– More experimental data especially for connections with highly orthotropic GFRP plate
(ETt/ELt ≤0.3) are required to validate some of the prediction from parametric analyses.For
quasi-isotropic GFRP plates (ETt/ELt ≥0.7), additional experimental data will be necessary
to define the bearing failure mode zone optimized at approximately e/d and s/d ≥3.
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Re´sume´ :
Ces dernie`res anne´es, l’utilisation des Polyme`res Renforce´s de Fibre de Verre (PRFV) pultrude´e
a accru dans les applications du ge´nie civil. Cependant, les assemblages des membrures en PRFV
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pultrude´s font appel a` des techniques innovatrices qui ne sont pas parfaitement comprises. Il
y a tre`s peu d’e´tudes publie´es sur les assemblages des sections en PRFV et il n’y a pas de
ligne directive claire sur leur conception. Les e´quations de dimensionnement des PRFV sont
tre`s similaires a` ceux recommande´s pour les mate´riaux isotropes ou les mate´riaux composites
quasi-isotropes. Aussi, il y a lieu de ve´rifier la validite´ et les limites de ces recommandations de
conception. Cet article se limite a` la pre´diction des ruptures en section nette des assemblages a` un
et plusieurs boulons des PRFV pultrude´s. Il est divise´ en deux sections. Dans un premier temps,
les e´quations de calcul de re´sistance en section nette des re´fe´rences de conception sont re´vise´es.
Les pre´dictions de dimensionnement sont compare´es a` 139 re´sultats expe´rimentaux. Ensuite, une
approche alternative base´e sur des analyses empiriques est propose´e. Cette e´quation de pre´diction
est base´e sur la formulation empirique de Hart-Smith (1980). Les facteurs relie´s au nombre de
boulons dans l’assemblage et aux lois constitutives des mate´riaux orthotropes sont introduits.
Compare´e aux autres approches de dimensionnement, l’e´quation propose´e est plus simple et plus
ge´ne´rale. Les e´tapes de dimensionnement sont re´duites et les re´sultats pre´dits sont en bon accord
avec les re´sultats expe´rimentaux.
Abstract :
In recent years, the use of pultruded Glass Fibre-Reinforced Polymers (GFRP) has increased
in civil engineering structures. However, connection with GFRP pultruded member calls for
innovative techniques that are not fully understood. There are only a few studies available on
the connection of GFRP pultruded sections and there are no clear guidelines on how to design
them. Proposed design equations of bolted connection for GFRP pultruded material are often
found to mimic design requirements in structural steel work or quasi-isotropic composite material.
Hence, there is a need to assess the validity and limitation of these design recommendations.
This paper focuses on net-section failure prediction of single and multi-bolt connections for
GFRP pultruded materials. It is divided into two sections. At first, net-section failure prediction
in design guidelines, and published papers for GFRP pultruded material are reviewed. Design
predictions are compared with 139 experimental test results. In the second part, an alternative
approach based on empirical analysis is proposed. The design recommendations are based on
Hart-Smith (1980) empirical formulation. Factors which account for the number of bolts in the
joint and the material’s orthotropic constitutive laws are introduced. Compared to other design
approaches, the proposed design equation are simpler and more general. Design steps are reduced
and the predicted results are in good agreement with experimental results.
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7.2 Introduction
This paper is a continuation of an ongoing study on GFRP pultruded connections, and it ad-
dresses the need to evaluate the validity and limitation of design equations for GFRP pultruded
bolted joints presented in design manuals (Clarke, 1996; Bank, 2006; Chen et Lui, 2005; CNR-
DT-205, 2008). These equations are known to mimic design recommendation in structural steel
work or quasi-isotropic composite material.
Among the common possible failure modes of composite pultruded material are : bearing, net-
section, shear-out and cleavage. This paper addresses only the case of net-section failure in single
and multi-bolt connections. Figure 7.1 presents the failure pattern of this type of failure mode.
A simple design approach for net-section failure prediction of single and multi-bolt connections
for GFRP pultruded materials is developed.
This paper starts with the review of net-section failure predictions based on published design
methods (Clarke, 1996; Bank, 2006; Chen et Lui, 2005; CNR-DT-205, 2008; ASCE-Pre-Standard,
2010; Prabhakaran et al., 1996; Rosner et Rizkalla, 1995b; Hassan et al., 1997b; Mottram, 2010).
These design predictions are compared with 139 experimental test results reported by Rosner et
Rizkalla (1995a); Hassan et al. (1997a); Turvey (1998); Tajeuna et al. (2011). As presented in
Figure 7.1, six different configurations are studied :1 bolt connection (1X1), 2 bolts in a column
(1X2), 2 bolts in a row (2X1), 3 bolts in a column (1X3), 3 bolts in a row (3X1), and 4 bolts
symmetric (2X2).
In the second part, a new method for net-section failure prediction is developed. The new net-
section strength equation is an alternative method to Rosner et Rizkalla (1995b); Hassan et al.
(1997b); Mottram (2010) models. Factors, which account for the number of bolts in the joint and
the material’s orthotropic constitutive laws, are introduced.
Figure 7.1 – Joint configurations
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7.3 Literature review of net-section failure prediction
Prabhakaran et al. (1996) were the first to report design approaches of bolted joints in pultruded
composites. From their experimental results, these authors measured the «net tension resistance
factor» of multi-bolt joints which experienced net-section failure. Hence, on a tentative basis, the
authors recommended the following net tension load formula :
Pt = Φ.FLt(w − ndh).t (7.1)
with Φ = 0.5
Prabhakaran et al. (1996) work was followed by Rosner et Rizkalla (1995b) who used Hart-
Smith semi-empirical formulation to develop a design equation for single bolt joint (Hart-Smith,
1980). In an extension of Rosner et Rizkalla (1995b) work, Hassan et al. (1997b) used the same
approach to develop the joint efficiency equations for multi-bolt connections. Hart-Smith’s model
account for the elastic stress concentrations at a loaded bolt hole in brittle isotropic material. For
composite materials, Hart-Smith introduced a correlation coefficient (C) based on experimental
results performed on quasi-isotropic materials. Equation 7.2 shows the net-tension strength of
single bolt joint proposed by Hart-Smith (1980). For GFRP pultruded materials, Rosner et
Rizkalla (1995b) used this equation to measure the correlation coefficient of single bolt joint
(1X1 configuration). Hassan et al. (1997b) proposed the same equation for multi-bolt joint with
bolts arranged in a single column (1X2 and 1X3 configurations). When there is more than a
bolt in a row (multi-column 2X1, 3X1 and 2X2 configurations), Hassan et al. (1997b) used the
elastic stress concentration factor suggested by (Hart-Smith, 1980) to develop the joint strength
as formulated in Equation 7.3. It can be noted from Hassan et al. (1997b) work that the C values
are related to the number of bolts in the joint, the bolts’ arrangement and the material fibre
orientation with respect to the applied load (Table 7.1).
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Clarke (1996) published the Eurocomp Design Code and Handbook, which provides general
design requirements for glass reinforced plastic. This manual gives limited information on the
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Table 7.1: Correlation Coefficient (C) per joint
configuration
C value
for
Joints configuration
(1X1) (1X2) (2X1) (1X3) (3X1) (2X2)
0˚ 0.33 0.22 0.4 0.16 0.5 0.3
90˚ 0.25 0.15 0.35 0.11 0.36 0.2
failure mode prediction of bolted joints. The Handbook contains just one example of a 4 bolts
connection (4 symmetric bolts) to illustrate the joint strength design prediction when there is a
bypass load. Based on this example, the joint strength of single row and multi-row connections
was taken as presented in Equation 7.4. Net-section failure is evaluated around the hole circum-
ference at a sufficient number of locations. The most critical point defines the location of failure.
Coefficients related to the fastener load distribution (Lbr) for multi-row joint and the normalized
stress distribution around the fastener hole (k1t and k
3
t ) are affected in the joint strength. Table
7.2 presents normalised tangential stress for basic load cases 1 (k1t ) and basic load cases 3 (k
3
t )
used for this analysis. For more information related to these coefficients, the reader should refer
to Eurocomp Design Code and Handbook (Clarke, 1996).
Pt =
[
Lbr.k
1
t
n.dh.t
+
(1− Lbr) k
3
t
w.t
]
−1
F(Lt/T t) (7.4)
Table 7.2:
Normalised
tangential stress
Fibre
orientation
k1t k
3
t
0˚ 1.6 -1.9
90˚ 2.8 5.1
Hassan et al. (1997b) work was criticized by Mottram (2010). This author suggested that Has-
san et al. (1997b) failed to be rigorous on how to apply the Hart-Smith method for the less
straightforward case when there is a bypass load (multi-row). In line with Hart-Smith (1980)
research, the author combines the effects of the stress concentrations due to bearing and bypass
load components. He then expressed the net-tension strength of connection with bypass load as
presented in Equation 7.5. The author suggested that the correlation coefficient (C) in longitu-
dinal (Lt) and transversal (Tt) directions for filled holes can be taken from Rosner et Rizkalla
(1995b) reported values of single bolt joint. Mottram (2010) computed the correlation coefficient
for open hole plates (Cop) from experimental tests reported by Turvey et Wang (2003). These
coefficients are reported in Table 7.3. Mottram’s modeling approach for multirowed connection
was published in a Pre-Standard for Load and Resistance Factor Design of Pultruded Reinforced
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Polymer structure ASCE-Pre-Standard (2010). In this manual, Mottram (2010) also proposed
the net-section strength equations for single-row with more than a bolt (Equation 7.6). Mottram
(2010) restricted the use of these different equations to a 3 bolts arrangement in a line or in a
row. Compared to the correlation coefficients reported by Mottram (2010), related coefficients for
open and filled holes are modified as presented in Table 7.3. The proportion of load distribution
that are to be taken for the bearing and bypass load components (Lbr) can be found in Mottram
(2010) and ASCE-Pre-Standard (2010).
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θ = 1.5− 0.5/(e/w), Spr = w/d for single bolt per row,
θ = 1.5− 0.5/(e/g), Spr = g/d for multi-bolt per row.
Table 7.3: Correlation coefficient for open hole
plate and filled hole joint
Experimental ASCE LRFD
Measured value Pre-standard (2010)
(Mottram 2010) Shape Plate
Cop,Lt 0.37 0.5 0.4
CopT t 0.14
CLt 0.33 0.5 0.4
CTt 0.25
Despite the late finding on the design of bolted connection with GFRP pultruded material,
some design manuals as Handbook of Structural Engineering by Chen et Lui (2005), Composite
for construction structural design with FRP material (Bank, 2006) still follow steel-like design
procedures. The proposed design equations are supposed to assume a constitutive elastic-linear
behaviour of FRP materials. However there is no information related to the anisotropic nature
of the composite. The net-section strength is given by Equation 7.7.
Pt = F(Lt/T t)(w − ndh).t (7.7)
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In the technical document by the National Research Council of Italy CNR-DT-205 (2008), net-
section strength is formulated in a similar fashion. However, the strength is reduced by a partial
model coefficient (γ) for perforated sections as shown in Equation 7.8. There is no information
whether this coefficient is related to the orthotropic nature of the composite. The manual also
provided the proportions of load distribution for each row of bolts. However, the use of these
proportions of load distribution for bypass load case as per Clarke (1996) and Mottram (2010)
is not addressed.
Pt ≤ F(Lt/Tt)(w − ndh).t
/
γ (7.8)
Symbols used for these different equations are defined in the notation section.
7.4 Design approaches verification of net-section fai-
lure prediction
Results obtained from these design predictions are compared with 139 experimental test results
reported by Rosner et Rizkalla (1995a); Hassan et al. (1997a); Turvey (1998); Tajeuna et al.
(2011). As Rosner et Rizkalla (1995a); Hassan et al. (1997a) used the double-lap test arrangement
with one inner plate of steel and the two outer plates of pultruded GFRP, the maximum tension
loads measured from experimental tests were taken halved for the strength of the single bolt and
the multi-bolt connection.
Comparison between experimental and predicted results are presented in Figures 7.2 and 7.3
for 0˚ and 90˚ fibre orientation respectively. Tables 7.4 and 7.5 present an evaluation of the ex-
perimental to predicted load ratios of different design approaches for 0˚ and 90˚ fibre orientations
respectively. It is observed that :
Using the steel-like design equations (Equations 7.7 and 7.8) from Bank (2006), Chen et Lui
(2005), and CNR-DT-205 (2008) will result to an unsafe load prediction. The ratio from experi-
mental to the predicted failure loads range is 0.1 to 0.7 for single bolt joint. When there is more
than a bolt in the joint, this ratio is within 0.4 to 0.75.
Using the joint efficiency proposed by Prabhakaran et al. (1996) will result to a conservative load
prediction for single bolt joint, but a non conservative load prediction when there is more than
a bolt. This suggests that the joint efficiency should not be taken independently from the joint
geometry.
With design process found in Eurocomp Design Code and Handbook (Clarke, 1996), the expe-
rimental to predicted ratios are found to be approximatively 1.5 to 3 for materials with 0˚ fibre
orientation and 4 to 7 for materials with 90˚ fibre orientation when the bolts are arranged in
multi-row. However, for single bolt connection, results appear to be more consistent with experi-
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mental results. In the single-row arrangement, an average overestimation of 1.6 the experimental
to predicted ratios is observed for 0˚ fibre orientation while for 90˚ fibre orientation, this ratio is
close to 1. There is a greater inconsistency in Eurocomp’s predicted results. Therefore, as sug-
gested by Mottram et Turvey (2003), since this manual has its roots in the aerospace industry,
it should be used with caution when the connected parts are of pultruded composite materials.
(Rosner et Rizkalla, 1995b) design predictions for single bolt appear to be consistent with experi-
mental results. More than 70% of the experimental to predicted ratios are within 0.9 to 1.1 when
the pultruded fibres are oriented in the loading direction. In the 90˚ fibre orientation, only 32%
of the experimental to predicted ratios are within 0.9 to 1.1. Regardless of Mottram (2010) critic
in Hassan et al. (1997b) predicted approach, Hassan et al. (1997b) design equations perform
satisfactorily for a large number of tests. More than 77% of the experimental to predicted ratios
are within 0.9 to 1.1 (for both fibre orientations).
Mottram (2010) load predictions are within a reasonable margin of safety when the bolts are
arranged in a single bolt and multi-row. Experimental to predicted «mean» ratios are within 0.8
to 1.2 for 1×1, 1×2, 1×3 and 2×2 joints configuration (for both fibre orientations). However,
in the single-row arrangement of 2×1 and 3×1 joints configuration, Mottram (2010) approach
resulted to unsafe load predictions. The mean ratios of experimental to the predicted failure
loads range from 0.7 to 0.9.
Figure 7.2 – Predictions of net-section failure with different design approaches in
0˚ orientation
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Figure 7.3 – Predictions of net-section failure with different design approaches in
90˚ orientation
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Table 7.4: Experimental/Predicted net-section failure with different design approaches (0˚ fibre orientation)
1bolts connection (1×1) 4 bolts connection (2×2)
CNR- Bank/ Euro- Rosner et Mottram Prabha- CNR- Bank/ Euro- Rosner et Mottram Prabha-
DT Chen comp Rizkilla karan DT Chen comp Rizkilla karan
Mean 0.73 0.66 1.05 1.01 1.03 1.31 Mean 0.44 0.39 1.52 1.04 0.78 0.79
Max 0.99 0.89 1.43 1.35 1.35 1.78 Max 0.56 0.5 1.8 1.16 0.98 1.01
Min 0.36 0.32 0.52 0.8 0.82 0.64 Min 0.32 0.28 1.42 0.94 0.58 0.57
Range 0.63 0.57 0.91 0.55 0.52 1.14 Range 0.24 0.22 0.38 0.22 0.4 0.44
Std. Dev. 0.15 0.13 0.21 0.13 0.12 0.26 Std. Dev. 0.09 0.08 0.12 0.08 0.15 0.16
nber of test 32 32 32 32 32 32 nber of test 9 9 9 9 9 9
0.9-1.1* 3 1 12 22 24 5 0.9-1.1* 0 0 0 7 3 3
2 bolts connection (1×2) 2 bolts connection (2×1)
CNR- Bank/ Euro- Rosner et Mottram Prabha- CNR- Bank/ Euro- Rosner et Mottram Prabha-
DT Chen comp Rizkilla karan DT Chen comp Rizkilla karan
Mean 0.42 0.38 2.12 1 1.1 0.76 Mean 0.35 0.32 0.51 0.95 0.67 0.64
Max 0.6 0.54 2.66 1.1 1.23 1.08 Max 0.45 0.4 0.64 1.02 0.84 0.8
Min 0.27 0.25 1.45 0.94 0.99 0.49 Min 0.28 0.25 0.4 0.82 0.54 0.5
Range 0.33 0.29 1.21 0.16 0.24 0.59 Range 0.17 0.15 0.24 0.2 0.29 0.3
Std. Dev. 0.11 0.1 0.42 0.05 0.1 0.19 Std. Dev. 0.05 0.05 0.08 0.06 0.1 0.1
nber of test 9 9 9 9 9 9 nber of test 8 8 8 8 8 8
0.9-1.1* 0 0 0 9 6 2 0.9-1.1* 0 0 0 7 0 0
3 bolts connection (1×3) 3 bolts connection (3×1)
CNR- Bank/ Euro- Rosner et Mottram Prabha- CNR- Bank/ Euro- Rosner et Mottram Prabha-
DT Chen comp Rizkilla karan DT Chen comp Rizkilla karan
Mean 0.43 0.39 2.51 0.99 1.18 0.77 Mean 0.4 0.36 0.67 1.04 0.76 0.72
Max 0.53 0.47 3.16 1.05 1.23 0.95 Max 0.54 0.49 1.42 1.17 0.98 0.97
Min 0.35 0.31 1.97 0.93 1.14 0.62 Min 0.33 0.29 0.47 0.74 0.62 0.59
Range 0.18 0.16 1.19 0.11 0.09 0.32 Range 0.21 0.19 0.95 0.43 0.36 0.38
Std. Dev. 0.07 0.06 0.43 0.04 0.04 0.13 Std. Dev. 0.08 0.07 0.34 0.15 0.13 0.14
nber of test 7 7 7 7 7 7 nber of test 6 6 6 6 6 6
0.9-1.1* 0 0 0 7 0 2 0.9-1.1* 0 0 0 3 0 0
0.9-1.1* Number of experimental to predicted ratios between 0.9 and 1.1
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Table 7.5: Experimental/Predicted net-section failure with different design approaches (90˚ fibre
orientation)
3 bolts connection (1×1) 4 bolts connection (2×2)
CNR- Bank/ Euro- Rosner et Mottram CNR- Bank/ Euro- Rosner et Mottram
DT Chen comp Rizkilla DT Chen comp Rizkilla
Mean 0.67 0.6 1.75 1.13 1.15 Mean 0.52 0.47 4.64 0.99 1.35
Max 1.32 1.19 3.32 2.03 2.03 Max 0.67 0.6 5.32 1.14 1.52
Min 0.14 0.13 0.36 0.6 0.64 Min 0.41 0.37 4.1 0.89 1.21
Range 1.17 1.06 2.96 1.42 1.39 Range 0.26 0.23 1.21 0.25 0.31
Std. Dev 0.36 0.33 0.93 0.39 0.38 Std. Dev 0.1 0.09 0.33 0.09 0.12
♯ of test 34 34 34 34 34 ♯ of test 9 9 9 9 9
0.9-1.1* 0 0 5 11 12 0.9-1.1* 0 0 0 7 0
2 bolts connection (1×2) 2 bolts connection (2×1)
CNR- Bank/ Euro- Rosner et Mottram CNR- Bank/ Euro- Rosner et Mottram
DT Chen comp Rizkilla DT Chen comp Rizkilla
Mean 0.45 0.41 6.39 1.01 1.09 Mean 0.38 0.35 0.99 1.02 0.67
Max 0.56 0.5 7.59 1.08 1.17 Max 0.52 0.46 1.32 1.13 0.86
Min 0.29 0.26 5.31 0.85 0.91 Min 0.29 0.26 0.73 0.88 0.49
Range 0.27 0.24 2.28 0.24 0.26 Range 0.23 0.21 0.59 0.25 0.37
Std. Dev 0.08 0.08 0.81 0.07 0.08 Std. Dev 0.08 0.08 0.22 0.08 0.14
♯ of test 9 9 9 9 9 ♯ of test 9 9 9 9 9
0.9-1.1* 0 0 0 8 5 0.9-1.1* 0 0 3 7 0
3 bolts connection (1×3) 3 bolts connection (3×1)
CNR- Bank/ Euro- Rosner et Mottram CNR- Bank/ Euro- Rosner et Mottram
DT Chen comp Rizkilla DT Chen comp Rizkilla
Mean 0.52 0.47 7.24 1.03 1.21 Mean 0.46 0.42 1.19 1.05 0.8
Max 0.68 0.61 8.21 1.09 1.27 Max 0.58 0.52 1.49 1.15 1.00
Min 0.39 0.35 6.18 0.93 1.09 Min 0.32 0.29 0.82 0.89 0.58
Range 0.29 0.26 2.02 0.16 0.18 Range 0.26 0.23 0.67 0.26 0.42
Std. Dev 0.09 0.08 0.68 0.04 0.05 Std. Dev. 0.08 0.07 0.22 0.08 0.13
♯ of tests 11 11 11 11 11 ♯ of test 9 9 9 9 9
0.9-1.1* 0 0 0 11 1 0.9-1.1* 0 0 2 6 2
0.9-1.1* Number of experimental to predicted ratios between 0.9 and 1.1
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7.5 Development of a new design method
Rosner et Rizkalla (1995b); Hassan et al. (1997b); Mottram (2010) single and multi-bolted
connections with pultruded GFRP appear to be consistent with experimental test results. Ho-
wever, the fact that the evaluation of the joint efficiency changes with the bolts’ geometrical
arrangement diminishes the universality of the approach. Hence, an attempt to provide a net-
section joint efficiency, apart from the bolt arrangement is studied. The new model is developed
by empirical analysis with reported experimental results from Rosner et Rizkalla (1995a); Hassan
et al. (1997a); Turvey (1998); Tajeuna et al. (2011).
At first, an evaluation of the sensitivity of the measured joint efficiency to the joint geometry is
generated by plotting the joint net-section efficiency versus the width to the bolt diameter w/d
ratios for different loading directions. The typical cases of 2 and 3 bolts joints are presented in
Figure 7.4. It can be observed that the joint efficiency is related to the joint geometry, the number
of bolts in the joint, and the loading direction, all these, apart from the bolts’ arrangement. As
it can be observed, (1×2) and (2×1) joint configurations follow the same trendline. The same
observation is made with 3 bolts joints. This suggests that it is possible to define the joint’s
strength of GFRP pultruded material apart from the bolts’ arrangement.
(a) Two bolts connexion (b) Three bolts connexion
Figure 7.4 – Joints efficiency versus (w/d) ratio in 0˚ fibre orientation
From the above observation, Hart-Smith (1980) defined stress concentration factor for single
bolt isotropic material (kte) was modified to account for the number of bolts in the net-section
(Equation 7.9). Equation 7.10 was used to measure the average stress concentration factor from
reported experimental results of connections with GFRP pultruded material (ktc). The relation-
ship between ktc and kte is shown in Figure 7.5a and 7.5b for typical cases of 2 and 3 bolts per
joint in a 0˚ and 90˚ fibre orientation respectively. In line with Hart-Smith (1980) research, it is
observed that there is a linear relationship that correlates ktc and kte in term of a coefficient C
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by Equation 7.11. These correlation coefficients (C) are related to the number of bolts in a joint
and the material fibre orientation.
Kte = 2 +
(
w
dh
− n
)
− 1.5
(
w
dh
− n
)
(
w
dh
+ n
) (1.5− 0.5
n. ew
)
(7.9)
Ktc =
(w − ndh) .t.F(Lt/T t)
Pult
(7.10)
Ktc − 1 = C (Kte − 1) (7.11)
(a) Two bolts in 0˚ fibre orientation (b) Three bolts in 90˚ fibre orientation
Figure 7.5 – Correlation coefficient
In Table 7.6, the measured values of the correlation coefficient (C) are compared with C values
reported by Rosner et Rizkalla (1995b); Hassan et al. (1997b). It is observed that, as the number
of bolts per joint increased, the C value decreased. The variation in the C value is a direct
function of the number of bolts and the material fibre orientation with respect to the applied
load. The C value is no longer related to the joint arrangement as per Hassan et al. (1997b). An
attempt to define C in relationship with the total number of bolts (X) in the joint is presented
in Figure 7.6. Equation 7.12 is proposed on an attempt basis for the C value prediction of (X)
number of bolts in the joint. Additional experimental tests are required to refine this equation.
C = 0.32.X−T (7.12)
with T=0.6 for 0˚ fibre orientation and T=0.9 for 90˚ fibre orientation
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Table 7.6: Measured values of C for 1 to 4
bolts
bolt/ bolt Rosner/ Proposed
joint confi- Hassan et al. values of c
guration 0˚ 90˚ 0˚ 90˚
1 (1×1) 0.33 0.25 0.32 0.34
2 (1×2) 0.22 0.15
0.22 0.17
(2×1) 0.4 0.35
3 (1×3) 0.16 0.11
0.16 0.11
(3×1) 0.5 0.36
4 (2×2) 0.3 0.2 0.15 0.11
Figure 7.6 – Correlation coefficient to number of bolt in the joint
From the above finding, the net-section load prediction for connection with GFRP pultruded
material can now be simplified by the following relation :
Pt =

0.32.X−T

1 + ( w
dh
− n
)
− 1.5
(
w
dh
− n
)
(
w
dh
+ n
) (1.5− 0.5
n ew
)+ 1


−1
(w − ndh) .t.F(Lt/T t)
(7.13)
Equation 7.13 is derived from Equations 7.9, 7.10, 7.11 and 7.12. In this equation, X is the total
number of bolts in the joint, T is a factor related to the material loading directions and n is the
number of bolts in net-section. When the loading direction coincides with the pultruded direction
(0˚ fibre orientation), T is equal to 0.6. With the transversal direction (90˚ fibre orientation), T is
taken as 0.9. However to predict conservative values for the off-axis cases, T can be taken as 0.6.
7.6 Validation of the new method
Equation 7.13 is used to predict the net-section failure loads. Experimental to predicted loads
are presented in Figure 7.7. Out of the 139 predicted results for both loading directions, more
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(a) Two bolts in 0˚ fibre orientation (b) Three bolts in 90˚ fibre orientation
Figure 7.7 – Experimental-to-Predicted loads
than 90% of the predicted values are within a 20% difference with the experimental results.
Experimental to predicted loads with Rosner et Rizkalla (1995b); Hassan et al. (1997b); Mottram
(2010) predicted equations are also presented. Predicted design loads with the new method equal
Rosner’s and Hassan’s predicted results.
For further verification, Equation 7.13 is used for comparison purpose with 11 reported ex-
perimental results failing in net-section by Prabhakaran et al. (1996). Since this author used
pultruded material different from Extren pultruder, the aim is to investigate if the predicted va-
lues are within a reasonable range of safety. This time only the average tensile strength provided
by the pultruder is used since the authors failed to report the material’s average tensile strength
from their own coupons. Table 7.7 presents the ratios Pexp/Ppredicted. These ratios are within
1.00 and 1.25. Hence Equation 7.13 has a potential to give safe net-section strength prediction.
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Table 7.7: Comparison of experimental and predicted net-section failure loads
Source Joint con- fibre w e dh t Ftu Pexp Ppred Pexp/
(pultruder) figuration orientation (mm) (mm) (mm) (mm) (MPa) (kN) (kN) Ppred
(1×2)
0 76.7 38.1 16.02 12.7 227.52 95.8 91.87 1.04
0 76.7 38.1 16.02 12.7 227.52 103.59 91.87 1.13
0 152.4 38.1 16.02 12.7 227.52 202.91 164.23 1.24
(2×2) 0 152.4 38.1 16.02 12.7 227.52 205.13 164.23 1.25
Prabhakaran 0 152.4 38.1 16.02 12.7 227.52 194.01 164.23 1.18
et al. 1996 0 152.4 38.1 16.02 12.7 227.52 192.23 163.54 1.18
(Creative 0 152.4 38.1 16.02 12.7 227.52 202.46 163.54 1.24
Pultrusion) 4 bolts 0 165.1 100.4 16.02 12.7 227.52 186.4 185.76 1.00
(2×2)stag 0 165.1 100.4 16.02 12.7 227.52 191.78 185.76 1.03
0 165.1 100.4 16.02 12.7 227.52 186.4 185.76 1.00
0 162 25.4 16.02 12.7 227.52 186.9 156.35 1.20
7.7 Conclusion
Results of net-section strength predictions based on published design methods were compared
with reported experimental results for different joint configurations with GFRP pultruded mate-
rials. It appears that the uses of steel-like design equations by Bank (2006); Chen et Lui (2005);
CNR-DT-205 (2008) are inappropriate for GFRP pultruded material. (Hart-Smith, 1980) modi-
fied design approach by Rosner et Rizkalla (1995b); Hassan et al. (1997b) were found to perform
satisfactorily. Whereas Mottram (2010) design prediction for bypass load case was within a rea-
sonable range of safety. However, the design prediction for single-row bolts arrangement, was
found to be non conservative. Nevertheless, the large consistance of these design predictions
make them less appealing to the designer. From our empirical research, it was found that there
is room for improvement. A new design equation of net-section strength was formulated apart
from the bolt arrangement. Correlation coefficients were measured for a limited number of bolts
in a joint. On an attempt basis, equations were proposed to predict these factors. The simplified
design equation was compared with Rosner et Rizkalla (1995b); Hassan et al. (1997b); Mottram
(2010) design approaches. The predicted results appear to be in good agreement with experi-
mental results. The level of accuracy equals Rosner et Rizkalla (1995b) and Hassan et al. (1997b)
predicted results.
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Contribution au document : Cet article est essentiellement base´ sur le comportement des
assemblages colle´s et boulonne´s/colle´s aluminium-acier et PRFV-acier a` un boulon. Cet article
permet d’e´valuer la contribution de la colle dans les assemblages boulonne´s/colle´s. Cette e´va-
luation est en re´ponse au cinquie`me objectif de cette the`se. Il ressort de cette e´tude que les
assemblages PRFV-acier re´pondent favorablement a` l’ajout de la colle dans l’assemblage par une
augmentation de la charge maximale de 30% comparativement aux assemblages simplement colle´s
ou de 15% comparativement aux assemblages simplement boulonne´s. Cependant la contribution
de la colle dans les assemblages aluminium-acier n’est pas significative.
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A` partir d’essais expe´rimentaux, cet article de´crit le comportement des assemblages colle´s et
boulonne´s/colle´s en simple plan de cisaillement. Deux types d’assemblages multi-mate´riaux sont
conside´re´s : Polyme`res Renforce´s de Fibres de Verre (PRFV)-acier et aluminium-acier. Dans un
premier temps, le comportement des assemblages multi-mate´riaux colle´s par les adhe´sifs me´tha-
crylates d’une part et l’adhe´sif e´poxyde d’autre part est e´value´. Puis la contribution de la colle
dans les assemblages boulonne´s PRFV-acier et aluminium-acier est analyse´e. Les re´sultats des
essais montrent que dans les assemblages simplement colle´s a` un boulon, la rupture se produit
a` l’interface adhe´rent-adhe´sif. Malgre´ son module d’e´lasticite´ moins e´leve´, l’adhe´sif me´thacrylate
produit une meilleure re´sistance que l’adhe´sif e´poxyde de par sa grande re´sistance au pelage,
alors que la rigidite´ de la plaque contribue a` accroˆıtre la re´sistance de l’assemblage. Pour les
joints hybrides, l’adhe´sif permet d’accroˆıtre la capacite´ des assemblages PRFV-acier alors que
son effet sur les assemblages aluminium-acier est marginal.
Abstract :
Through an experimental study, this paper describes the behavior of single-lap bonded and bol-
ted/bonded connections. Two types of multi-material connections are considered : Glass Fiber
Reinforced Polymer (GFRP)-to-steel and aluminum-to-steel. At first, the behavior of multi-
material bonded connection using methacrylate and epoxy adhesives is evaluated. Then, the
contribution of adhesive in GFRP-to-steel and aluminum-to-steel bolted connections is investi-
gated. Tests results show that on single-lap simply bonded joints, failures mostly occur at the
substrate to adhesive interface. Despite their lower elastic modulus, methacrylate adhesives were
found to provide better strength than epoxy adhesive due to their high resistance in peeling, whe-
reas the plate rigidity contributes to the enhancement of the joint strength. For bolted/bonded
joints, the adhesive was found to increase the capacity of GFRP-steel bolted joint while its effect
for aluminum-steel bolted joint was not significant.
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8.2 Introduction
This study was initiated in the context of developing a high strength and low weight portable
emergency bridge for railways. The use of aluminum or Glass Fibre-Reinforced Polymer (GFRP)
elements is a promising option for secondary elements in such bridges due to their light weight,
corrosion resistance, and low maintenance cost. For this type of application, bolted connections
appear to be the most practical choice. However, connection strength could be critical and it
was anticipated that a combination of bonded and bolted connections could provide advantages
over simply bolted ones. For instance, since bolts introduce stress concentration, which in turn
generate capacity reduction or even fracture in the plate, the contribution of an adhesive may be
found to increase significantly the efficiency of the connection. This type of connection is called
hybrid joint.
When connecting two metal plates together with adhesive, the basic failure modes observed are :
adhesive (Figure 8.1a), cohesive (Figure 8.1b) or thin-layer cohesive (Figure 8.1c). The same
modes are observed when connecting FRP plates. Additional failure modes observed for FRP
materials are fibres tear (Figure 8.1d), light-fibres-tear (Figure 8.1e), stock-break (Figure 8.1f)
(ASTM-D5573-99, 2005). For adhesive failure also called interfacial failure, the separation appears
at the adhesive-adherent interface (Figure 8.1a). Cohesive failure is marked by the rupture of the
adhesively bonded joint, such that the separation is within the adhesive (Figure 8.1b). Thin-layer
cohesive failure is similar to cohesive failure, except that the failure is very close to the adhesive-
substrate interface, characterized by a light dusting of adhesive on one substrate and a thick
layer of the adhesive left on the other (Figure 8.1c). For fibres tear failure (Figure 8.1d), failure
appears exclusively within the FRP matrix, characterized by the appearance of the reinforcing
fibers on both rupture surfaces. Light-fibres-tear failure occurs within the FRP substrate, near
the surface, characterised by the FRP resin matrix visible on the adhesive, with few glass fibers
transferred from the substrate to the adhesive (Figure 8.1e). Stock-break failure mode (Figure
8.1f) is characterized by a break of the FRP substrate outside the adhesively bonded joint region,
often near it. Any combination of two or more of the six classes of failure mode cited above is
called mixed failure (ASTM-D5573-99, 2005). It is however to be noted that there is no such
classification when multi-material plates are bonded together. When adhesive is combined with
bolts in a connection loaded in tension, bearing, net-section, cleavage or shear failures (Figure
8.2) generally occur after the failure of adhesive.
In civil engineering related works, extensive studies have been carried out on the use of strengthe-
ning concrete or steel structure with adhesively bonded Carbon FRP (CFRP) strips and sheets.
However, most experimental studies on joining FRP composite plates or aluminum plates with
bolt and adhesive focused on aerospace and automotive applications. For instance, Kelly (2006)
investigated the strength and fatigue life of the bonded/bolted hybrid single lap joints with CFRP
using adhesives with different elastic modulus for automotive application. They found that with
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Figure 8.1 – Typical failure modes of bonded joints : (a) Adhesive failure, (b) Cohesive
failure, (c) Thin-layer cohesive failure, (d) Fiber-tear failure, (e) Light-fiber-tear failure,
(f) Stock-break failure (ASTM-D5573-99, 2005)
Figure 8.2 – Failure modes of bolted connections : (a) Bearing, (b) Net-section, (c) Shear
tear-out, (d) Block shear (e) Cleavage
lower modulus adhesives, the hybrid joint allowed for load sharing between the adhesive and the
bolts, and have greater strength and fatigue life in comparison to adhesive bonded joints. No
significant improvement in the strength of hybrid joints was found with high modulus adhesive
although the presence of bolt increased the joint fatigue life. Kweon et al. (2006) investigated
failure loads of the bonded/bolted hybrid joints between carbon composite and aluminum plates.
The hybrid joint was found to improve joint strength when the mechanical fastening is stronger
than the bonding. Matsuzaki et al. (2008) proposes a bolted/co-cured hybrid joining method bet-
ween GFRP and aluminum plates, and experimentally investigated the strength of these joints as
compared to simply co-cured joints or simply bolted joints. Their joining technique was different
from the conventional bonded, bolted or bolted/bonded joining technique in that the curing and
the joining process for composite structures were achieved simultaneously so that adhesive and
FRP adherent were united. For simply bolted and bolted/co-cured hybrid joints, the bolts were
inserted before the co-curing process to avoid any damage of the glass fibers. Their study shows
that bolted/co-cured hybrid joint have 1.84 times higher maximum shear strength compared
to co-cured bonded joints. However, compared with bolted joint, no increase in the peak load
was measured. Sadowski et al. (2011) performed an experimental and numerical analyses of hy-
brid double-lap joints. The double lap hybrid joint was made of aluminum plates, polyurethane
adhesive and reinforced by five rivets. It was found that the five rivets reinforcement do not
substantially increase the carrying force by the hybrid joint. One of the few analyses reported
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for the benefit of civil engineering applications was performed by Hai et al. (2011). They per-
formed an experimental investigation on the tensile behavior of double lap joints in pultruded
hybrid CFRP/GFRP laminates. They found that adhesive bonding can improve considerably
the slip resistance and the stiffness of the bolted joints. The energy absorption by the hybrid
joint was found to be approximately equal to the summation of the energy absorption of the
simply bonded and that of the simply riveted joints. However, as for Matsuzaki et al. (2008), no
significant increase in the joint strength was found. Since limited research work is reported for
civil engineering applications, the research program reported here was performed to cover some
gaps in the contribution of the adhesive in aluminum-steel and GFRP-steel one-bolt connections.
The behavior of simply bonded aluminum-to-steel and GFRP-to-steel joints loaded in tension
is presented first. The effects of surface preparation, types of adhesives and plate rigidity on
the joint strength are investigated. Then, the behavior of bolted/bonded (hybrid) connections
is compared to simply bonded connections or simply bolted connections, for which results were
reported in previous work by Tajeuna et al. (2011).
8.3 Experimental investigation
8.3.1 Overview of the program
Simply bonded and bolted/bonded (hybrid) connections were tested. GFRP specimens were cut
from 6.35 mm thick pultruded plates while aluminum and steel were taken from 6.35 mm thick
flat bars. GFRP pultruded plates were loaded along the longitudinal direction ( 0˚ ) to achieve
maximum tensile strength. The simply bonded (Figure 8.3a) and hybrid (Figure 8.3b) connections
were loaded in a single-lap configuration.
Two methacrylate adhesives and one epoxy adhesive were used for the tests. Methacrylate type
L is Loctite H8500 adhesive, methacrylate type W is the Weld-On SS605 adhesive and epoxy
type S is the Sikadur 330 adhesive. Bonded connections with methacrylate types L and W were
evaluated with sanded (s) and non-sanded (ns) GFRP plates. For bonded joints with Epoxy
type S, GFRP plates were all sanded. On the other hand, all aluminum and steel plates were
sandblasted.
GFRP-steel bonded interfaces range from 2000 to 3000 mm2 for simply bonded connections
and is approximately 3800 mm2 for bolted/bonded (hybrid) joints. For aluminum-steel, bonded
interfaces were approximately 1500 mm2 for simply bonded connections and nearly 2800 mm2
for hybrid connections. For each multi-material configuration, the geometric parameters were
kept constant. GFRP-steel connections had an end-distance (e=3d) and a side-distance (s=2d).
Aluminum-steel connections had e=s=1.5d.
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Tables 8.1 and 8.2 present the list of the tested specimens and their geometric properties. The
specimens were named with respect to the type of connector (bonded [B] or hybrid [H]), the joint
configuration (GFRP-steel [G] or aluminum-steel [A]), the type of adhesive (types L, W or S), and
the surface preparation (sanded [s], non-sanded [ns] or sandblasted [sb]) and the specimen number
(three to seven specimens per configuration [01] to [07]). For example BGS01−nsstands for bonded
GFRP-steel connection with adhesive type S, specimen number 01 with GFRP non-sanded inter-
face. HAW04−sb stands for hybrid aluminum-steel joint with adhesive type W, specimen number
04 and sand blasted aluminum to steel interfaces. For GFRP-steel simply bonded connections,
three specimens were tested for each type of adhesive and surface preparation. For GFRP-steel
hybrid connections, seven specimens per configuration were tested. For aluminum-steel simply
bonded connections, five specimens per configuration were tested for each type of adhesive. Five
specimens were tested for the aluminum-steel hybrid connections.
8.3.2 Surface preparation of the bonded interfaces
The bonded surfaces of GFRP plates were prepared with two different techniques. The first
technique involved no specific surface treatment on the GFRP plate (non-sanded). However, the
plate surfaces were cleaned with acetone to remove all dust, grease and surface residue. For the
second technique, GFRP plates were sanded with the medium grit sandpaper to remove the
first coat without damaging the fibers. Then, an industrial vacuum was used to remove all dust
from the sanded surface. The bonded surface of aluminum and steel plates were all sandblasted
inside a sand blasting equipment. Then, the surfaces were vacuumed and cleaned with acetone
to remove all dust and grease.
All specimens with adhesive types S and W were prepared according to the manufacturers tech-
nical data sheet (Sika-Construction, 2006; Loctite, 2009; Weld-On, 2007). To form the bond, the
adhesive was applied on one plate. The surfaces were then pressed together with hands to remove
air voids. Special attention was taken to maintain a uniform thickness of the adhesive. Howe-
ver, this thickness was not controlled, in order to more accurately reproduce field conditions.
Bonded specimens with adhesive type L were prepared by the manufacturer technician. For all
hybrid connections, the bolt was tightened in a snug-fit condition, immediately after applying the
adhesive on the bonded surface, as it would be done in the field. According to the manufacturer
technical data sheets, the curing time for the adhesives to achieve their full capacity at 24˚ C is
within 24 hours for adhesives types L and W and 5 days for adhesive type S. In this study, 7
days curing time were allowed for bonded specimens with adhesives types L and W and 14 days
for adhesive type S at 20˚ C. The hybrid specimens were cured at room temperature for 5 days.
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Table 8.1: Experimental results of bonded joints
Specimen Bonded Bonded Force Shear Displa- Failure
name surface Length L (kN) Strength cement made
mm2 (mm) (MPa) (mm)
Bonded GFRP-steel
BGS01−s 2548 50.96 25.2 9.89 0.65 Mix adhesive
BGS02−s 2800 56.00 23.6 8.41 0.60 and light-
BGS03−s 2900 58.00 26.1 8.99 0.65 fiber tear
BGL01−s 2207 44.14 11.5 5.19 0.34
BGL02−s 2439 48.78 15.7 6.45 0.46 adhesive
BGL03−s 2142 42.84 8.5 3.99 0.33
BGL01−ns 2783 56.80 9.5 3.42 0.29
BGL02−ns 2597 55.66 21.5 8.29 0.54 adhesive
BGL03−ns 2840 51.94 14.9 5.24 0.44
BGW01−s 2237 44.74 21.4 9.55 0.62
BGW02−s 2634 52.68 24.8 9.41 0.71 adhesive
BGW03−s 2551 51.02 24.2 9.50 0.67
BGW01−ns 2435 48.70 16.9 6.95 0.48
BGW02−ns 2665 53.30 18.1 6.80 0.49 adhesive
BGW03−ns 2408 48.16 14.3 5.95 0.39
Bonded aluminum-steel
BAS01−sb 1520 41.08 23.6 15.54 0.27
BAS02−sb 1406 38.00 22.6 16.07 0.29
BAS03−sb 1482 40.05 19.1 12.90 0.26 adhesive
BAS04−sb 1406 38.00 22.5 16.02 0.28
BAS05−sb 1480 40.00 23.3 15.72 0.28
BAL01−sb 1596 43.14 25.5 15.96 0.71
BAL02−sb 1444 39.03 26.4 18.29 0.43
BAL03−sb 1480 40.00 29.5 19.94 0.44 cohesive
BAL04−sb 1406 38.00 26.5 18.82 0.41
BAL05−sb 1444 39.03 26.9 18.65 0.49
BAW01−sb 1367 36.95 27.9 20.41 0.57
BAW02−sb 1347 36.41 32.9 24.4 0.56 Mix interfacial
BAW03−sb 1322 35.73 30.2 22.85 0.61 and thin layer
BAW04−sb 1408 38.05 31.1 22.12 0.62 cohesive
BAW05−sb 1505 40.68 36.8 24.47 0.66
8.3.3 Experimental set-up and measurements
The tests were conducted up to failure of the joint in shear using a 500 kN hydraulic testing
machine. The end connections were designed to make the loading axis to coincide with the
interface of the two plates so that the connectors (bolt or adhesive) were principally loaded in
shear (Figures 8.3a and 8.3b). The test set-up of multi-material connection is presented in Figure
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Table 8.2: Experimental results of hybrid joints (d=12.7 mm)
Specimens Bonded Bonded Force Failure
name surface Length L (kN) mode
(mm2) (mm)
Hybrid GFRP-Steel
HGW01−s 3767 75.34 46.41
HGW02−s 3767 75.34 42.92
HGW03−s 3717 74.34 48.11 Light fiber
HGW04−s 3717 74.34 45.97 tear follows
HGW05−s 3767 75.34 39.48 by cleavage
HGW06−s 3817 76.34 46.62
HGW07−s 3767 75.34 47.6
Hybrid aluminum-steel
HAW01−sb 1369 36.03 39.56
HAW02−sb 1406 37.00 42.60 Thin layer
HAW03−sb 1369 36.03 39.08 cohesive follows
HAW04−sb 1440 37.90 40.81 by shear
HAW05−sb 1406 37.00 38.72
8.3(c). Specimens were clamped by the grips of the testing machine at both ends. Tensile force
was applied at the bottom end while the top end was fixed. The load was applied at the rate
of 1 mm/min and the load and displacement were recorded by the control system of the testing
machine.
Figure 8.3 – Joints parameters (a) simply bonded (a)bolted/bonded (hybrid), (c) Typical
test set-up of multi-material connections
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8.3.4 Materials and properties
The GFRP specimens were taken from Extren 500 series panels. Extren 500 is manufactured by
Strongwell Corporation. It is made of E-glass fibres and polyester resin. It is typically reinforced
with 50% Continuous Strand Roving (CSR) and Continuous Strand Mat (CSM). The roving
provided strength in longitudinal (pultrusion) direction while the mat provided multi-directional
strength properties (Strongwell, 2002). Aluminum and steel were cut from 6061-T6 and grade
350W flat bars respectively.
Tension tests of GFRP coupons were conducted according to ASTM-D3039/D3039M (2006)
for longitudinal and transversal tensile strength and ASTM-D3518/D3518M (2007) for in-plane
shear strength. For grade 350W steel and 6061-T6 aluminum coupons, ASTM-A370 (2005) was
used. Specimens were un-notched for GRFP and notched for aluminum and steel. As specified
by the appropriate testing standard, strength was measured from the peak load divided by the
net section area of each coupon. Strain was measured by an axial extensometer.
Figure 8.4 shows the stress-strain curve for aluminium and steel in tension and for GFRP in lon-
gitudinal tension, transversal tension and in-plane shear. As can be observed in this figure, GFRP
material behaves linearly up to brittle failure. Steel and aluminum show elasto-plastic behaviors.
The average mechanical properties of GFRP and aluminum tested coupons are summarized
in Table 8.3. For steel, the average ultimate tensile and yield strengths were approximately 540
MPa and 370 MPa respectively. Adhesive properties taken from the manufacturers technical data
sheets are also reported in Table 8.3. For hybrid connections, ASTM A325 bolts with d=12.7
mm and nominal washer were used. The bolts were not tested. However, their nominal guaran-
teed tensile strength is 825 MPa and nominal shear strength is 495 MPa, considering the shear
strength equals to 0.6 times the nominal tensile strength.
Figure 8.4 – Stress-strain relationships of materials
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Table 8.3: Materials properties
Extren 500 6061-T6 aluminum Epoxy Methacrylates
GFRP plate flat bar Type S Types L Type W
Extren CSA-S157 Reported values from
Tested Design Tested Design manufacturers technical
Manual Manual data sheets
Modulus
Longitudinal (GPa) 18.6 17.2 69.38 70 3.8 1.11 0.41-0.52
Transverse (GPa) 4.03 5.52 - - - - -
In plane Shear (GPa) 4.8 - - - - - -
Strength
Longitudinal tensile (MPa) 340 207 305.9 260 30 15 18-21
Transverse tensile (MPa) 88.4 48.3 - -
In plane shear (MPa) 104.16 - - - - - -
Lap Shear (MPa) - - - - - 15 19-22
Longitudinal Poisson ratio - 0.33 - 0.3 - - -
Thickness (mm) 6.1 6.35 6.35 6.35 - - -
8.4 Experimental results of simply bonded connec-
tions
Table 8.1 presents the results of each simply-bonded connections. These results were used to
evaluate the effect of surface preparation, type of adhesive and substrate rigidity on the behavior
of the connections.
8.4.1 Effect of surface preparation using methacrylate adhesives
GFRP-steel bonded connections with methacrylate adhesive types L and W were used to evaluate
the effect of surface preparation on the failure load and failure mode. This comparison is presented
in Figure 8.5.
The failure modes of bonded connections with methacrylate adhesive type L is presented in
Figures 8.5a and 8.5b for GFRP sanded and non-sanded interface respectively. For both surface
preparations, it can be observed that failure occurred by a complete debonding of the adhesive
from the GFRP plate (adhesive failure). The adhesive that remains on the steel plate for joints
with non-sanded GFRP presents a discoloration from the GFRP coat. As shown in Figures
8.5(c) and 8.5(d), similar failure is observed for connections with methacrylate adhesive type W.
Therefore, sanding the GFRP substrate does not change the failure mode of connections bonded
with methacrylate adhesives.
The effect of surface preparation on connections failure load is presented in Figure 8.5(e) for
adhesive type L. The shear stress-displacement curves of non-sanded GFRP plates show a pre-
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sence of damage in the bonded interface by a sudden drop of the load of about 0.5 MPa. Then,
the load increases linearly up to a complete brittle failure of the joint. For bonded joint with san-
ded GFRP plate, a linear elastic behavior is observed up to the brittle failure of the joint. Tests
results show a wide variation of shear stresses within the joints of sanded and non-sanded GFRP
plates. From the shear stress-displacement curves shown in Figure 8.5(e), it can be observed that
the maximum shear stresses ranged from nearly 4 MPa to 6.5 MPa with a displacement of 0.3
mm to 0.4 mm for connections with sanded GFRP. For connections with non-sanded GFRP, the
maximum shear stresses ranged from approximately 3.4 MPa to 8.3 MPa with a displacement
of 0.3 mm to 0.6 mm. From these results, it was difficult to conclude whether it is better to
sand or not the GFRP plate when adhesive type L is used. However, maximum joint capacity
is observed on a connection with non-sanded GFRP plate. On the other hand, considering the
values presented in Table 8.1, the average shear strength is approximately 5.2 MPa for sanded
specimens and 5.6 MPa for non-sanded specimens. For GFRP-steel connections with methacry-
late adhesive type W, Figure 8.5(f) shows a linear behaviour of the shear stress-displacement
curves up to a brittle failure of the connections. The average peak load is nearly 9.5 MPa for
an average displacement of 0.67 mm when the GFRP plate is sanded. With non-sanded GFRP
plate, the average peak load is about 6.6 MPa for an average displacement of 0.45 mm. This
represents a 31% increase on the joint capacity when the GFRP plate is sanded.
8.4.2 Structural performance of methacrylate compared to epoxy
adhesives
In this part, the structural performance of methacrylate adhesives (types W and L) is compared
to that of epoxy adhesive (type S) in bonded GFRP-steel and aluminum-steel configurations. As
reported in Table 8.3, it is to be noted that the elastic modulus of epoxy adhesive type S is 7 to 9
times higher than the one of methacrylate adhesive type W and 3.4 times higher than the one of
methacrylate adhesive type L. The effect of the adhesive elastic modulus is presented in Figure
8.6 for bonded GFRP-steel and aluminum-steel connections. The typical curves obtained from
each type of adhesive are presented in Figures 8.6(d) and 8.6(h). All other results are presented
in Table 8.1.
In Figure 8.6(a), it can be observed for bonded GFRP-steel connections with epoxy adhesive
type S that part of the adhesive remained on the GFRP plate and the rest remained on the steel
plate. The adhesive that remained on steel has a film of GFRP. This suggests the presence of
debonding on the GFRP Continuous Strand Mat (CSM). Therefore, this failure can be classified
as a mixed failure due to the combination of adhesive failure and light-fiber-tear failure. In the
previous section, adhesive failure was noted for methacrylate adhesive types L and W regardless
of the surface preparation. These failure modes are also presented in Figures 8.6(b) and 8.6(c).
Therefore, epoxy adhesive type S seems to adhere better on GFRP than methacrylate adhesive.
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Figure 8.5 – Effect of surface preparations on GFRP-steel connections
- Failure modes of : (a) BGL01−ns (b) BGL01−s, (c) BGW01-ns (d) BGW01−s,
- Shear stress-displacement curves of : (e) BGL
−ns compared to BGL−s. ; (f) BGW−ns
compared to BGW
−s
The typical curves of each type of adhesive, with sanded interface are compared in Figure 8.6(d).
It can be observed that despite the difference in elastic modulus of methacrylate type W and
epoxy type S, there is no major difference in term of joint capacity and displacement in GFRP-
steel configuration. However, methacrylate type L provides an average strength that is 1.75 times
lower than epoxy adhesive.
For aluminum-steel configuration with epoxy adhesive type S (Figure 8.6e), the failure mode
is mainly due to debonding of the adhesive on the steel and/or aluminium substrates adhesive
failure. With methacrylate type L, Figure 8.6(f) shows a cohesive failure characterized by separa-
tion or fracture within the adhesive while with methacrylate type W, failure occurred by partial
separation of the adhesive on the aluminum substrate and the other part remains on the steel
substrate (Figure 8.6g). This type of failure can be classified as a mix of adhesive and thin layer
cohesive failure. Figure 8.6(h) shows the typical curves of aluminum-steel bonded connections
using the three types of adhesive. It can be observed that the performances of methacrylate
adhesives are higher than that of epoxy adhesive in term of strength and displacement. The
displacement at which epoxy adhesive achieved its maximum shear strength is about 50% of the
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Figure 8.6 – Methacrylate compared to epoxy adhesive on GFRP-steel connections : (a)
to (c) Failure modes, (d) Typical stress-displacement curves Methacrylate compared to
epoxy adhesive on aluminum-steel connections : (e) to (g) failure modes, (h) Typical
stress-displacement curves
maximum displacement of methacrylate adhesive type W and 66 the maximum displacement of
methacrylate adhesive type L. Furthermore, the difference of average shear strength of epoxy
adhesive is about 17% lower than methacrylate types L and 33% lower than methacrylate types
W. These differences may be due to methacrylate adhesives having a higher resistance in peeling
compared to epoxy adhesive. The low peeling resistance of epoxy adhesive may result from their
weak capacity to undergo plastic deformations.
8.4.3 Structural performance due to plate rigidity
Figure 8.7 presents the average shear strength of aluminum-steel compared to GFRP-steel bonded
connections. For this comparison, the average shear strength obtained with each type of adhesive
and the surface preparation was considered. Figure 8.7 clearly shows that the high stiffness of
the aluminum plate produces better structural performance for the bonded connections. For
bonded specimens with methacrylate type W, the average shear strength of aluminum-steel
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specimens is about 3.5 times higher than that of non-sanded GFRP-steel specimens and 2.4
times higher than sanded GFRP-steel specimens. For bonded specimens with methacrylate type
L, the average shear strength of aluminum-steel specimens is 3.27 and 3.53 times higher than
GFRP-steel configuration with non-sanded and sanded GFRP plates respectively. In the case
of bonded specimens with epoxy adhesive type S, the average shear strength of aluminum-steel
specimens is 1.7 times higher than that of sanded GFRP-steel specimens. Moreover, cohesive
failure is more likely to occur when bonding two metal plates with methacrylate adhesives than
when at least one of the substrate is a GFRP plate.
Figure 8.7 – Effect of Plates rigidity on joint strength
8.5 Hybrid joints compared to simply bolted or bon-
ded joints
For hybrid connections, the geometric parameters were presented in Table 8.2. Methacrylate
adhesive type W was used for this investigation. GFRP plates were all sanded while aluminum
and steel plates were sandblasted. The experimental results for these hybrid connections are also
presented in Table 8.2. These results were used to evaluate the behavior of hybrid connections
as compared to simply bolted connections reported in previous work (Tajeuna et al., 2011), or
to simply bonded connections.
8.5.1 GFRP-to-steel hybrid connections
For GFRP-steel hybrid connections, Figure 8.8(a) and 8.8(b) shows a light-fiber-tear failure on
the GFRP and steel bonded interfaces. This failure differs from that observed on simply bonded
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connections presented in Figure 8.8(d) where adhesive failure was observed. This difference is
probably due to the bolt clamping which provided more strength in the GFRP bonded interface.
As a result, failure occurs within the GFRP substrate. This failure is followed by cracks on the
GFRP plate starting from one side of the hole and progressing towards the free end (Figure 8.8c),
named cleavage. In simply bolted connections with the same geometric parameters reported by
Tajeuna et al. (2011), similar failure mode was also observed on some specimens (Figure 8.8d)
while others experienced shear tear-out failure (Figure 8.8e) or net-section failure (Figure 8.8f).
Some of these specimens also show signs of delamination within the GFRP layers due to the out of
plane deformation on the outer face of GFRP plate (Figure 8.8e). Therefore, it is suggested that
the strength provided by the adhesive in hybrid connections delay the out-of-plane deformation
observed in simply-bolted single-lap configuration. This could explain that, a unique failure mode
was observed on hybrid connections as compared to simply-bolted connections where various
failure modes where observed with the same geometric paprameters.
Figure 8.8 – Failure modes of Hybrid connections : (a) failure of the adhesive on steel
inner face, (b) failure of the adhesive on GFRP inner face, (c)cleavage failure GFRP
outer face. Failure modes of simply bolted connections : (d) cleavage failure on GFRP,
(e) Shear failure on GFRP, (f) Net-section failure on GFRP
In Figure 8.9(a), the force-displacement curves of hybrid GFRP-steel connections are presented.
From the load-displacement curve, a linearly elastic behavior up to an average peak load of 46
kN is observed with an average displacement of 1 mm. In this part of the curve, the effect of the
bolt and the adhesive is combined. Then the curves suddenly drop down to about 27 kN. This
drop in the joint capacity suggests that the adhesive has failed. This explanation is supported by
the fact that a loud noise was heard at the peak load and the presence of cracks in the bonded
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interface could clearly be observed. From this point, an increase of the curve is observed up to
a partial failure in the GFRP plate at around 40 kN with 2.5 mm displacement. Then, the load
drops down for a second time to 10 kN. From this point, the GFRP plate undergoes a progressive
failure. The displacement to which the complete failure occurs is unknown because the tests were
stopped at this last stage as maximum joint strength was already achieved. However, as presented
in Figure 8.9(a), the test results of HGW04-S suggests that this displacement can exceed 4 mm.
Figure 8.9 – GFRP-to-Steel (a) Force displacement curves of hybrid connections, (b)
Force-displacement curves of hybrid compared to simply bolted and simply bonded
connections
Figure 8.9(b) presents the comparison between typical force-displacement curves for simply bon-
ded, simply bolted and hybrid connections. Prior to this comparison, a linear interpolation was
performed to evaluate the strength of the simply bonded GFRP-steel connection corresponding
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to the measured bonded interface in hybrid connection. This was necessary because simply bon-
ded connections had a bonded interface of about 1500 mm2 while that of hybrid connections
was about 3700 mm2 (see Table 8.1 and 8.2). Result of this interpolation is presented in Figure
8.9(b). For a bonded interface of 3700 mm2, the average force is approximately 34 kN for a
displacement of nearly 1 mm. Compared to simply bonded connections, the presence of bolt is
found to enhance the stiffness and peak load in hybrid connection. The peak load of the hy-
brid connection is approximately 30% higher than the one for simply bonded connection. The
typical force-displacement curve of simply bolted connections with s/d=2, e/d=3 and s/d=4,
e/d=4 taken from Tajeuna et al. (2011) is also presented in Figure 8.9(b). It is seen that the
peak load for hybrid connection, while occurring at a much lower displacement, is approxima-
tely 15% higher than that of bolted connection with s/d=2 and e/d=3. It can also be observed
that the behavior of the hybrid connection after the peak load is similar to that of simply bolted
connection with similar geometric parameters (s/d=2 and e/d=3). This confirms the assumption
mentioned above which suggests that the initial failure observed in hybrid connection is due to
the adhesive failure. When comparing with a two times wider simply bolted connection (s/d=8,
e/d=4), it can be observed that the average peak load of hybrid connection is approximately
94% that of wider simply bolted connection. Therefore, single-lap GFRP-steel hybrid connection
can represent a good avenue for permanent connection in terms of weight and cost.
8.5.2 Aluminum-to-steel hybrid connections
Figures 8.10(a) to 8.10(c) show the failure modes of aluminum-steel hybrid connection and that of
simply bolted connection taken from Tajeuna et al. (2011). After failure of the hybrid connection,
only a thin film of adhesive is observed on the steel plate (Figure 8.10a) and aluminum plate
(Figure 8.10b). It seems that most of the adhesive retracted from the bonded interface during
bolt tightening. After the test, less than 0.2 mm thick of the adhesive remains on the bonded
interface. Therefore, thin layer cohesive failure is observed in hybrid connection as compared to
mixed failure mode on simply bonded connection presented in Figure 8.6(g). Once the adhesive
has failed, the hybrid connection behaves as simply bolted and failure occurs by shear tear-out
of the aluminum specimen (Figure 8.10b). Similar failure mode was observed in simply bolted
connections reported by Tajeuna et al. (2011) and presented in Figure 8.10(c).
In Figure 8.11(a), the force-displacement curves of aluminum-steel connections are presented.
The force-displacement history of specimens HAW03-sb and HAW05-sb can be described in
three steps. First, there is a linear elastic behavior up to a sudden failure at an average force
of 15 kN and 0.25 mm displacement. Then, the load drops to approximately 10 kN with a
displacement of 0.8 mm. From this point, an elasto-plastic behavior of the joint is observed up
to the complete failure of the joint. At this last stage, the optimum peak load is measured at 40
kN for an average elongation of 8 mm at failure. However, from the force-displacement history
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Figure 8.10 – (a) steel inner face, (b) aluminum inner face and shear failure (c) Shear
failure of aluminum simply bolted connection
of specimens HAW01-sb, HAW02-sb and HAW04-sb, the drop in load due to adhesive failure as
in the case of the two other specimens is not depicted. This is probably due to the fact that the
adhesive thickness after bolt clamping was too small to have an effect on the force-displacement
curve. As it was mentioned above, the measured adhesive thickness after the tests was less than
0.2 mm. Therefore, the hybrid joint behaved as a simply bolted joint.
In Figure 8.11(b), the typical force-displacement curve of aluminum-steel hybrid connection is
compared to that of simply bonded and simply bolted connections taken from Tajeuna et al.
(2011). The hybrid curve shows failure of the adhesive at 15 kN. This strength is half the strength
of bonded joint. As mentioned above, this reduction is due to the spreading of the adhesive out of
the bonded interface during tightening of the bolt. After the failure of the adhesive, the behavior
of the hybrid joint is similar to that of the simply bolted joint. In summary, no benefit was
observed by adding the adhesive in the aluminum-steel bolted connection. However, it could be
useful to explore other procedures for producing the hybrid connection. The procedure used in
this study, which consists of tightening the bolt immediately after applying the adhesive, was
selected to reproduce practical field conditions. It also allowed to avoid breaking the bonded joint
during the bolt tightening. It seems to have caused that the adhesive layer was very thin for the
aluminum-steel connections.
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Figure 8.11 – Aluminum-to-steel : (a) Force displacement curves of hybrid connections,
(b) Force-displacement curves of hybrid compared to simply bolted and simply bonded
connections
8.6 Conclusion
An experimental analysis was performed to investigate the behavior of single-lap bonded and
bolted/bonded connections. Multi-material GFRP-to-steel and aluminium-to-steel joints loaded
in one shear plane (single-lap) were considered. The analysis was divided into two parts. The
behavior of simply bonded joint was presented first. In this part, the effect of surface preparation,
types of adhesives and adherent or substrate rigidity on the joint strength were investigated.
Then, the behavior bolted/bonded (hybrid) joint was compared to simply bonded or simply
bolted connections. From this analysis the following observations can be drawn :
For bonded connections ;
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– Sanding or not sanding the GFRP plate did not change the failure mode of the bonded joint
with methacrylate adhesives. Debonding of the adhesive was either observed on steel or on
GFRP plates depending on the adhesive used.
– Despite their lower elastic modulus, methacrylate adhesives were found to provide better
strength than epoxy adhesive in aluminium-steel configuration.
– In GFRP-steel configuration, the structural performance of methacrylate and epoxy adhesives
was almost equivalent.
– A higher adherent (plate) rigidity produces a higher strength for bonded joints, regardless of
the type of adhesive.
For hybrid connections ;
– The adhesive was found to increase the capacity of the bolted joint in GFRP-steel configura-
tion.
– The effect of adhesive in aluminum-steel bolted joint was not significant.
– For both GFRP-steel and aluminum-steel connections, hybrid joint has adhesive failure before
the joint failure. After adhesive failure, the hybrid joints behave as simply bolted joints.
– The adhesive in GFRP-steel bolted/bonded connection was found to reduce out-of-plane de-
formation due to secondary bending and made failure modes more consistent compared to
simply bolted connections.
Complementary investigation should include the evaluation of alternative bonding procedure for
aluminum-steel hybrid connections, and the experimental testing for bonding of typical multi-bolt
structural joints.
Chapitre 9
Conclusion
Cette e´tude a e´te´ motive´e par l’inte´gration de l’aluminium et des PRFV dans les ponts ferro-
viaires transportables. Les recherches mene´es ante´rieurement ont permis de noter que ces deux
mate´riaux connaissent de plus en plus de succe`s dans les constructions des ponts. Cependant,
un aspect important de cette inte´gration serait la conception des assemblages multi-mate´riaux
aluminium-acier et PRFV-acier qui permettrait de transmettre des efforts tout en minimisant les
dommages. Aussi, l’identification des configurations optimales pour ce type d’assemblage e´taient
ne´cessaire. Cette optimisation inclut l’identification des parame`tres ge´ome´triques tels que : la
pince longitudinale et transversale, le pas longitudinal et transversal, l’e´paisseur de la plaque ou
encore le nombre de boulons et leur arrangement dans la connexion. Les informations recueillies
de la revue de litte´rature ne permettaient pas de d’identifier de manie`re satisfaisante les configu-
rations optimales des assemblages boulonne´s aluminium-acier ou PRFV-acier. De plus, certaines
des configurations ge´ome´triques de ces e´tudes ne correspondaient pas a` celles qui seraient utilise´es
dans le domaine du ge´nie civil. C’est pourquoi, des e´tudes supple´mentaires spe´cialement axe´es a`
l’identification des parame`tres ge´ome´triques permettant d’optimiser la re´sistance de l’assemblage
e´taient ne´cessaires.
Une e´valuation des e´quations de dimensionnement des assemblages boulonne´s aux e´tats limites
ultimes a permis de constater que malgre´ l’avancement des recherches sur l’e´valuation de la re´sis-
tance et l’efficacite´ des joints en PRFV, plusieurs re´fe´rences de conception qui se disent adapte´es
aux mate´riaux pultrude´s en PRFV, continuent de proposer des me´thodes de calcul propres aux
mate´riaux isotropes (CNR-DT-205, 2008; Bank, 2006; Chen et Lui, 2005). De plus certains au-
teurs semblent ne pas s’accorder aux diffe´rentes approches de dimensionnement (Hassan et al.,
1997b; Mottram, 2010). Quant aux assemblages en aluminium, ils sont tre`s similaires a` ceux
recommande´s pour l’acier. C’est pourquoi il e´tait ne´cessaire d’effectuer une analyse critique de
ces e´quations et de les ame´liorer au besoin.
La possibilite´ d’optimiser la re´sistance des connexions boulonne´es aux parame`tres ge´ome´triques
minimum par l’ajout de la colle a e´galement e´te´ examine´e. Les e´tudes reporte´es sur ce type d’as-
semblage visaient des applications diffe´rentes (ae´ronautique, automobile, maritime) par conse´-
quent, les mate´riaux utilise´s e´taient spe´cifiques a` ces applications. De plus, les quelques essais re-
porte´s sur les plaques de PRFV n’e´taient pas assemble´s de manie`re conventionnelle. Peu d’e´tudes
sont reporte´es sur les assemblages boulonne´s/colle´s en aluminium. Aussi, il e´tait ne´cessaire d’ef-
fectuer davantage d’e´tudes expe´rimentales pour comprendre le comportement des assemblages
boulonne´s/colle´s PRFV-acier et aluminium-acier. L’inte´reˆt e´tait d’e´valuer si l’ajout de la colle a`
l’assemblage boulonne´ ame´liorerait la re´sistance ou le mode de rupture de ces assemblages.
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9.1 Conclusion aux objectifs spe´cifiques
Les objectifs spe´cifiques ont e´te´ re´alise´s par le biais d’e´tudes expe´rimentales. Les assemblages
a` simple plan de cisaillement d’un et deux boulons sur une file ont e´te´ teste´s. Des simulations
par e´le´ments finis valide´s par des re´sultats expe´rimentaux ont e´te´ de´veloppe´es. Les re´sultats
obtenus ont apporte´ un e´clairage sur l’effet des parame`tres ge´ome´triques tels que les pinces
longitudinale et transversale, les pas longitudinal et transversal, l’e´paisseur des plaques et le type
de PRFV sur la re´sistance et le mode de rupture des connexions. La contribution de la colle dans
les assemblages boulonne´s/colle´s a e´galement e´te´ e´value´e. Pour une meilleure appre´ciation de
cette contribution, les assemblages simplement colle´s ont aussi e´te´ teste´s. Ces essais ont permis
d’e´valuer l’effet de la pre´paration de la surface des PRFV et du type d’adhe´sif sur la re´sistance
et le mode de rupture de l’assemblage. Les re´sultats obtenus des assemblages simplement colle´s
d’une part et simplement boulonne´s d’autre part ont tour a` tour e´te´ compare´s aux assemblages
hybrides (boulonne´s/colle´s).
Pour les assemblages boulonne´s aluminium-acier, les parame`tres optimaux ont e´te´ choisis sur la
base des valeurs pour lesquelles la re´sistance nominale en cisaillement de trois nuances de boulons
(A307, A325, et A490) est atteinte. La recommandation de AASHTO (2010) de limiter la section
nette (Ant) des e´le´ments connecte´s a` la valeur de 85% la section brute (Agt) de la plaque a
e´galement e´te´ prise en conside´ration. Bien que cette recommandation ne soit pas spe´cifie´e pour
les structures en aluminium, elle a e´te´ conside´re´e pour de´finir la pince transversale et le pas
longitudinal de manie`re a` identifier une conception e´conomique. Cette e´tude a permis d’identifier
des parame`tres ge´ome´triques optimums des assemblages en aluminium a` un et deux boulons.
Ces parame`tres sont contenus dans les tableaux 4.7 a` 4.9. Suite a` l’analyse critique, l’e´quation
5.14 de re´sistance a` la pression diame´trale et l’e´quation 5.16 de re´sistance a` la traction et au
cisaillement combine´s ont e´te´ propose´es. En outre, on note que :
– Pour la configuration a` un boulon, l’analyse expe´rimentale sur les connexions aluminium-acier
montre que pour atteindre la rupture par ovalisation excessive, e et s ne devraient pas eˆtre
infe´rieure a` 2.5d. Au-dela` de cette valeur, une ovalisation excessive sur la plaque d’acier et une
de´formation du boulon ont e´te´ observe´es. Les re´sultats des simulations nume´riques par e´le´ments
finis montrent que l’optimisation des parame`tres ge´ome´triques permettrait d’augmenter la
re´sistance des connexions (EC9, 1999; AASHTO, 2010; CSA-S157, 2007) a` plus de 75% par
rapport aux valeurs minimales recommande´es par les re´fe´rences de conception. Bien que les
valeurs maximales de e et s ont e´te´ observe´es respectivement a` 4d et 3d, les valeurs optimales
sont lie´es a` l’e´paisseur de la plaque d’aluminium, au diame`tre du boulon, et a` la nuance du
boulon. Les valeurs optimales reporte´es dans les tableaux 4.7 a` 4.9 sont dans la limite des
recommandations de re´fe´rences de conception (EC9, 1999; AASHTO, 2010) et du ratio de
Ant/Agt <0.85.
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– Pour les connexions de deux boulons sur une file, l’e´tude expe´rimentale a de´montre´ qu’une
rupture pure par ovalisation excessive est peu susceptible de se produire. Le pas p = 3d a e´te´
juge´ suffisant pour pre´venir la rupture entre deux boulons sur une file. L’analyse par e´le´ments
finis indique que la pince transversale (s) est le parame`tre principal qui controˆle la re´sistance
de la connexion. Limiter s a` la valeur minimale de 1.5d limiterait la re´sistance de l’assemblage
a` deux boulons sur une file a` celle d’un assemblage a` un boulon. Dans ce type de connexion,
l’effet de p e´tait e´vident apre`s 3d tandis e >2d n’a pas d’effet significatif sur la re´sistance de la
connexion. Pour ce type de configuration, les parame`tres optimums propose´s devraient eˆtre pris
a` e=2d, p=3d tandis que s varie avec l’e´paisseur de la plaque et la re´sistance au cisaillement
nominal du boulon et doit eˆtre limite´e a` 4d bien qu’a` cette valeur, le ratio Ant/Agt =0.86.
– Pour la configuration avec deux boulons dans une ligne, il a e´te´ observe´ que la re´sistance de
la connexion augmente avec s et e jusqu’a` la valeur limite de e=3d et s=4d. L’augmentation
de la re´sistance de la connexion augmente avec le pas transversal (g). Les valeurs optimales de
ces parame`tres sont contenues dans le tableau 4.9. Les valeurs optimales propose´es permettent
d’atteindre la re´sistance nominale en cisaillement des boulons et le rapport de Ant/Agt < 0.85.
– Comparativement aux assemblages a` doubles plans de cisaillement, l’effet de la de´formation
hors-plan observe´ expe´rimentalement dans la configuration a` simple plan de cisaillement avec
s=1.5d et e=1.5d ne change pas le mode de rupture de la plaque d’aluminium. Cependant,
restreindre l’excentricite´ par une configuration a` doubles plans de cisaillement ame´liore le´-
ge`rement la re´sistance de l’assemblage. Ce gain a e´te´ mesure´ a` approximativement 6%. Il a
e´galement e´te´ observe´ que la de´formation hors-plan est plus prononce´e dans les connexions
avec une pince longitudinale longue et une plaque mince.
– De l’analyse critique des e´quations de pre´dictions recommande´es dans les codes de conception,
il ressort que les modes de rupture pre´dits correspondent dans la plupart des cas aux modes
de rupture observe´s expe´rimentalement. L’e´quation de pre´diction de la rupture a` la section-
nette propose´e par les ouvrages de re´fe´rence fournit des re´sultats satisfaisants. Cependant,
les e´quations de pre´diction de la rupture par ovalisation excessive et cisaillement par bloc
pourraient eˆtre ame´liore´es. C’est dans cette optique qu’ont e´te´ de´veloppe´es l’e´quation 5.14 de
pre´diction de la re´sistance a` la pression diame´trale des assemblages a` un et plusieurs boulons
et l’e´quation 5.16 de pre´diction a` la traction et au cisaillement combine´s. Ces e´quations sont
base´es sur des re´sultats expe´rimentaux publie´s et des simulations nume´riques par e´le´ments
finis.
Pour les assemblages boulonne´s PRFV-acier, en plus des essais expe´rimentaux, les simulations par
e´le´ments finis ont permis d’analyser deux types de mate´riaux dont le ratio du module d’e´lasticite´
transversal sur le module d’e´lasticite´ longitudinal ETt/ELt=0.2 conside´re´ comme fortement or-
thotrope et ETt/ELt=0.8 conside´re´ comme quasi-isotropique sont simule´s. Les modes de rupture
obtenus de cette simulation ont e´te´ d’une part compare´s aux re´sultats expe´rimentaux obtenus
dans notre programme expe´rimental et a` ceux publie´s par d’autres auteurs et d’autre part aux
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pre´dictions de ASCE-Pre-Standard (2010). Cette e´tude a permis de cibler parmi les recomman-
dations des parame`tres ge´ome´triques faites par les codes de conceptions et les manufacturiers,
ceux qui permettent d’obtenir une connexion optimale. De manie`re ge´ne´rale, il ressort que les
valeurs de e/d=3, s/d=2 et p/d=4 permettraient d’optimiser de manie`re significative la re´sis-
tance de la connexion. Les re´sultats expe´rimentaux obtenus de notre e´tude et ceux publie´s par
d’autres chercheurs ont permis d’e´valuer la re´sistance a` la section-nette propose´e par diffe´rents
ouvrages de re´fe´rence. Suite a` cette e´valuation, l’e´quation 7.13 de re´sistance a` la section nette a
e´te´ propose´e. En outre, les conclusions suivantes se de´gagent de cette analyse :
– Pour les assemblages a` un boulon, les re´sultats expe´rimentaux obtenus dans la pre´sente e´tude
montrent que l’augmentation de s de 2d a` 4d et de e de 3d a` 4d, conduit a` une re´sistance
mode´re´ment plus e´leve´e et un meilleur comportement de l’assemblage a` la rupture. La rupture
par ovalisation excessive n’a pas e´te´ observe´e en raison de l’utilisation d’un mate´riau forte-
ment orthotrope. Les donne´es expe´rimentales ainsi que l’analyse parame´trique par e´le´ments
finis montrent que ce mode de rupture se produirait pour des assemblages avec des plaques
de PRFV quasi-isotrope. Avec s=1.5d recommande´ par ASCE-Pre-Standard (2010), aucune
augmentation significative de la capacite´ de l’assemblage n’a e´te´ observe´e pour des valeurs de
e > 3d. De plus, les re´sultats parame´triques par e´le´ments finis montrent que les valeurs de
s=2d et e=3d recommande´es par les manufacturiers Strongwell (2002) et Creative-Pultrusion
(2001) permettent d’obtenir une re´sistance de 55% supe´rieure a` la re´sistance obtenue avec les
valeurs minimales recommande´es par ASCE-Pre-Standard (2010).
– Pour les assemblages a` deux boulons sur une file, les re´sultats expe´rimentaux obtenus dans la
pre´sente e´tude montrent que, pour s=4d et e=4d, l’augmentation du pas longitudinal p de 3d
a` 5d conduit seulement a` une augmentation de 4% la capacite´ de la connexion. Cependant, les
connexions avec des pas longs (p=5d) permettent d’atteindre un plus grand de´placement, donc
un comportement plus se´curitaire. Les donne´es expe´rimentales et l’analyse par e´le´ments finis
re´ve`lent que la rupture par ovalisation excessive est peu probable avec ce type de configuration.
Pour les connexions avec des plaques de PRFV fortement orthotrope, le cisaillement ou le
clivage sont les modes de rupture pre´dominants. Pour les connexions avec des plaques de PRFV
quasi-isotropes, la rupture par clivage a e´te´ observe´e pour les pinces longitudinales courtes et la
rupture par section nette est pre´dominante lorsque e > 2d. Pour cette configuration, les valeurs
recommande´es de e et p par ASCE-Pre-Standard (2010) permettent d’optimiser la re´sistance
a` la rupture de la connexion alors que la valeur de s=2d recommande´e par les manufacturiers
(Strongwell, 2002; Creative-Pultrusion, 2001) ame´liore significativement la re´sistance de la
connexion.
– Les modes de ruptures pre´dits par ASCE-Pre-Standard (2010) n’e´taient toujours pas com-
patibles aux modes de rupture observe´s expe´rimentalement. De plus les pre´dictions de la
re´sistance par ASCE-Pre-Standard (2010) sont conservatrices. Il a en outre e´te´ observe´ que le
pas longitudinal n’a pas un effet conside´rable sur la re´sistance de la connexion surtout lorsque
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la rupture par section nette controˆle le dimensionnement de la connexion. Par conse´quent, la
recommandation de ASCE-Pre-Standard (2010) de multiplier la re´sistance de la connexion par
le rapport de p/4d lorsque p est infe´rieur a` la valeur minimale requise pourrait conside´rable-
ment sous-estimer la re´sistance de la connexion pour les deux types de mate´riaux fortement
orthotropes et quasi-isotropes.
– Il ressort en plus de l’analyse critique que les e´quations de pre´diction de rupture en section
nette recommande´es par CNR-DT-205 (2008), Bank (2006) et Chen et Lui (2005) qui sont
tre`s similaires a` celles recommande´es pour l’acier ne sont pas approprie´es pour les PRFV. Les
pre´dictions obtenues a` partir des e´quations recommande´es par Rosner (1992), Mottram (2010)
et Hassan et al. (1997b) qui sont base´es sur l’approche semi-empirique de´veloppe´e par Hart-
Smith (1980) produisent des re´sultats satisfaisants. Cependant, de par leur complexite´, ces
e´quations sont peu attrayantes pour le concepteur. C’est pour cette raison que l’e´quation 7.13
a e´te´ de´veloppe´e. Cette approche est aussi base´e sur la me´thode semi-empirique de Hart-Smith
(1980). Comparativement aux autres approches, elle se veut plus simple et permet d’obtenir
des re´sultats assez proches des re´sultats expe´rimentaux.
Pour les assemblages boulonne´s/colle´s PRFV-acier et aluminium-acier, deux types d’adhe´sifs ont
e´te´ utilise´s. Les adhe´sifs me´thacrylates Weld-On SS605 et Loctite H8500 ; et l’adhe´sif e´poxyde
Sikadur 330. Le comportement de ces adhe´sifs dans les connexions simplement colle´s a dans
un premier temps e´te´ analyse´. Pour ces assemblages, deux types de pre´paration de surface des
PRFV ont e´te´ analyse´s. Par la suite, l’adhe´sif me´thacrylate Weld-On SS605 a e´te´ utilise´ dans les
assemblages boulonne´s/colle´s. De manie`re ge´ne´rale, il ressort de cette e´tude que les assemblages
PRFV-acier re´pondent favorablement a` l’ajout de la colle dans l’assemblage par une augmenta-
tion de la charge maximale de 30% comparativement aux assemblages simplement colle´s ou de
15% comparativement aux assemblages simplement boulonne´s. Cependant la contribution de la
colle dans les assemblages aluminium-acier n’est pas significative. On note en outre que :
– Pour les assemblages simplement colle´s, le fait de sabler ou non la plaque PRFV ne change pas
le mode de rupture de l’assemblage colle´ avec l’adhe´sif me´thacrylate. En fonction de l’adhe´sif
utilise´, le de´collement de l’adhe´sif e´tait observe´ soit sur l’acier soit sur la plaque de PRFV.
Malgre´ leur faible module d’e´lasticite´, il a e´te´ observe´ que les adhe´sifs me´thacrylates fournissent
une meilleure re´sistance que l’adhe´sif e´poxyde dans la configuration aluminium-acier. Dans la
configuration GFRP-acier, la performance structurelle des adhe´sifs me´thacrylates et e´poxyde
e´tait presque e´quivalente. Un adhe´rent (plaque) avec une grande rigidite´ produit une re´sistance
plus e´leve´e pour les assemblages colle´s, quel que soit le type d’adhe´sif utilise´.
– Pour les assemblages boulonne´s/colle´s, il a e´te´ observe´ comme note´ par d’autres auteurs que
le boulon prend une part active dans le transport de charge seulement apre`s que la colle ait
rompue. La contribution de la colle dans l’assemblage boulonne´ est de´pendante du type de
colle et des adhe´rents utilise´s.
9. Conclusion 178
– Dans le cas des assemblages multi-mate´riaux PRFV-acier, une augmentation significative de
la re´sistance a e´te´ observe´e. Cette augmentation e´tait presque e´gale a` celle d’un assemblage
simplement boulonne´ deux fois plus large. Comparativement aux assemblages simplement col-
le´s, la pre´sence du boulon contribue a` l’augmentation de la raideur de l’assemblage. Apre`s la
rupture de la colle, la connexion se comporte comme un assemblage simplement boulonne´.
– Dans le cas des assemblages multi-mate´riaux aluminium-acier, la contribution de la colle e´tait
tre`s marginale. Le comportement de l’assemblage boulonne´/colle´ e´tait identique a` celui d’un
assemblage simplement boulonne´. Ceci s’explique par une surface de collage faible. Pour une
surface de collage identique, la contribution de la colle pourrait eˆtre ame´liore´e en choisissant
un adhe´sif dont la re´sistance avoisine celle de la limite e´lastique de la plaque a` coller.
En re´sume´, cette the`se a permis d’accroˆıtre la base de donne´es scientifique pour la conception
d’assemblages boulonne´s ou boulonne´s/colle´s. De plus les parame`tres optimums des connexions
boulonne´es en aluminium et en PRFV ont e´te´ identifie´s pour les configurations a` un et deux
boulons. L’e´tude a aussi permis d’e´valuer la capacite´ des normes actuelles a` pre´dire le mode de
rupture et la re´sistance des connexions boulonne´es pour ces mate´riaux et de nouvelles e´quations
de re´sistance en section-nette des PRFV, de re´sistance a` la pression diame´trale et de re´sistance
en traction et cisaillement combine´s de l’aluminium ont e´te´ propose´es. Finalement, ces travaux
et ses conclusions permettront de faciliter la conception d’assemblages boulonne´s en aluminium
et en PRFV pour l’application des ponts ferroviaires transportables et pour d’autres types de
structures du ge´nie civil.
9.2 Recommandations de futurs de´veloppements
En guise de recommandations, les points suivants sont encore a` e´tudier :
– Pour les assemblages boulonne´s aluminium-acier l’effet de l’e´paisseur sur la re´sistance de la
connexion doit eˆtre expe´rimentalement e´tudie´ pour ve´rifier certaines observations obtenues a`
partir du mode`le par e´le´ments finis. En l’occurrence, il s’agira de ve´rifier la line´arite´ de l’effet de
l’e´paisseur de la plaque sur la re´sistance de la connexion. Plus d’essais expe´rimentaux seraient
ne´cessaire sur les plaques d’e´paisseur de 12.7 a` 25.4 mm car ces e´paisseurs sont ge´ne´ralement
utilise´e dans les structures du ge´nie civil telles que les ponts.
– Plus de donne´es expe´rimentales en particulier pour les PRFV fortement orthotropes sont
ne´cessaires pour valider certaines des observations parame´triques observe´es. Les zones qui
demandent plus d’investigation sont identifie´es dans les Figures 6.8(a) et 6.8(c) pour les confi-
gurations a` un boulon et les Figures 6.10(a) et 6.10(c) pour les configurations a` deux boulons.
Ces zones ont la particularite´ de pre´senter tre`s peu de points expe´rimentaux ou quelques dis-
parite´s dans les re´sultats expe´rimentaux permettant de confirmer ou d’infirmer les pre´dictions
par e´le´ments finis. Pour les connexions avec des plaques de PRFV quasi-isotrope, plus de
donne´es expe´rimentales seraient en outre ne´cessaires pour de´finir la zone du mode de rupture
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par ovalisation excessive (Bearing) identifie´e dans les Figures 6.8(b) et 6.8(d). Cette zone est
identifie´e pour les valeurs de e et s supe´rieures a` 3d.
– Une plus large base de donne´es expe´rimentale est requise pour l’analyse critique des e´quations
de re´sistance en cisaillement, clivage et en pression diame´trale des assemblages boulonne´s en
PRFV.
– Pour les assemblages boulonne´s/colle´s des plaques me´talliques, le choix de l’adhe´sif devrait
eˆtre tel que sa rupture soit atteinte lorsque la limite e´lastique d’une des plaques assemble´es est
atteinte pour une contribution significative. Dans le cas contraire, des me´thodes alternatives
telles que ”L-Shaped attachment” ou ”Stepped attachment”permettant d’augmenter la surface
de la zone colle´e pourraient e´galement eˆtre utilise´es pour ame´liorer la re´sistance de l’assemblage.
– La pression de serrage des boulons n’e´tait pas un crite`re d’e´tude dans ce projet. Nous nous
sommes limite´s a` une pression de serrage minimale (connection de type bearing). Il convient
donc de ve´rifier si les parame`tres optimums propose´s conviendraient pour des pressions de
serrage controˆle´es tel que recommande´ dans la construction des ponts ou tout autre domaine
connexe.
– La pre´sente recherche ne s’est limite´e qu’aux assemblages concentriques des plaques en tension
soumises aux efforts statiques. Il reste encore a` e´tendre ce champ a` d’autres types de sollici-
tations statiques ou dynamiques. Ceci se justifie du fait que les ponts ferroviaires durant le
passage du train, sont soumis a` diffe´rentes charges de vibration et ce, a` re´pe´tition. Les e´tudes
de fatigue constituent donc la prochaine e´tape de ce projet. Les recommandations en fatigue
des ponts ferroviaires sont prescrites dans AREMA (2003)(norme de dimensionnement des
structures ferroviaires utilise´ par le Canadien National), en son chapitre 15, section 1.3.13.
Il s’agira donc de ve´rifier que les parame`tres optimums propose´s dans cette the`se pour les
assemblages aluminium-acier ou PRFV-acier permettent de satisfaire ces recommandations.
– Des essais sur des sections typiques telles que les profile´s en L, en C, ou en I, utilise´es en ge´nie
civil sont e´galement souhaitables.
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ANNEXE A
E´le´ments comple´mentaires
A.1 Essais expe´rimentaux assemblages boulonne´s
aluminium-acier : e´le´ments comple´mentaire ar-
ticle 1
A.1.1 Montage
Figure A.1 – Montage des essais sur MTS 500
A.1.2 Courbes contrainte-de´formation des mate´riaux
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Figure A.2 – Courbes contrainte-de´formation acier
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Figure A.3 – Courbes contrainte-de´formation aluminium
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A.1.3 Re´sultats des essais sur les assemblages boulonne´s aluminium-
acier
(a) Rupture en cisaillement
(b) Courbe Force-de´placement
Figure A.4 – Assemblage a` un boulon S15E15T3
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(a) Rupture en cisaillement
(b) Courbe Force-de´placement
Figure A.5 – Assemblage a` un boulon S15E15T6
A. E´le´ments comple´mentaires 186
(a) Rupture en cisaillement
(b) Courbe Force-de´placement
Figure A.6 – Assemblage a` un boulon S15E15T9
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(a) Rupture en section nette
(b) Courbe Force-de´placement
Figure A.7 – Assemblage a` un boulon S15E20T6
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(a) Rupture par ovalisation excessive
(b) Courbe Force-de´placement
Figure A.8 – Assemblage a` un boulon S25E25T6
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(a) Rupture en section nette
(b) Courbe Force-de´placement
Figure A.9 – Assemblage a` deux boulons sur une file S25E30P30T6
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(a) Rupture en section nette
(b) Courbe Force-de´placement
Figure A.10 – Assemblage a` deux boulons sur une file S30E30P30T6
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(a) Rupture par ovalisation excessive
(b) Courbe Force-de´placement
Figure A.11 – Assemblage a` deux boulons sur une ligne S30E30G60T3
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A.2 Essais expe´rimentaux assemblages boulonne´s PRFV-
acier : e´le´ments comple´mentaire article 3
A.2.1 Courbes contrainte-de´formation des PRFV
Figure A.12 – Courbes contrainte-de´formation PRFV direction pultrude´e (Lt)
Figure A.13 – Courbes contrainte-de´formation PRFV direction transversale a` la
pultrusion (Tt)
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Figure A.14 – Courbes contrainte-de´formation PRFV a` 45˚ de la direction pultrude´e (Sh)
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A.3 Essais expe´rimentaux assemblages boulonne´s multi-
mate´riaux : e´le´ments comple´mentaire article 5
A.3.1 Assemblages colle´s aluminium-acier
(a) Adhesive failure
(b) Shear strength-displacement
Figure A.15 – Assemblage colle´ aluminium-acier avec e´poxyde type S
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(a) Cohesive failure
(b) Shear strength-displacement
Figure A.16 – Assemblage colle´ aluminium-acier avec methacrylate type L
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(a) Mix adhesive and thin layer cohesive failure
(b) Shear strength-displacement
Figure A.17 – Assemblage colle´ aluminium-acier avec methacrylate type W
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A.3.2 Assemblages colle´s PRFV-acier
Figure A.18 – Rupture mixe assemblage colle´ PRFV-acier e´poxyde type S
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(a) BGLS adhesive failure
(b) BGLS adhesive failure
Figure A.19 – Assemblage colle´ PRFV-acier avec methacrylate type L
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(a) BGWS adhesive failure
(b) BGWNS adhesive failure
Figure A.20 – Assemblage colle´ PRFV-acier avec methacrylate type W
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A.3.3 Assemblages boulonne´s/colle´s PRFV-acier
(a) PRFV-acier
(b) aluminium-acier
Figure A.21 – Assemblage boulonne´/colle´
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A.4 E´tude nume´rique : e´le´ments comple´mentaires ar-
ticle 4
(a) in 0˚ fibre orientation
(b) in 90˚ fibre orientation
Figure A.22 – Joint efficiency versus w/d ratio
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0˚ fibre orientation 90˚ fibre orientation
Figure A.23 – Correlation coefficient for one to four bolt(s)
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